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ABSTRACT
This work focuses on how local structural features influence large effective masses,
magnetism, and superconductivity that are yet to be understood in heavy-fermion materials.
Three sets of structurally-related materials are discussed in light of dimensionality, layering
effects, choice of transition metal, coordination, and structural distortions: LnnMIn3n+2 (Ln = La,
Ce; n = 1, 2, ∞; M = Co, Rh, Ir), CePdGa6, and Ce2PdGa12, and CeNiSb3.
The LnnMIn3n+2 (n = 1, 2, ∞; Ln = La, Ce; M = Rh, Ir) intergrowth homologous series
presents a unique opportunity to study structure-property relationships. LnnMIn3n+2 (Ln = La,
Ce; n = 1, 2; M = Co, Rh, Ir) adopt a tetragonal structure in the space group P4/mmm.
Antiferromagnetism and/or unconventional superconductivity have been found in CeCoIn5,
CeRhIn5, CeIrIn5, and Ce2RhIn8. Structural trends are compared with ground state properties.
Single crystals of LnPdGa6 (Ln = La, Ce) and Ln2PdGa12 (Ln = La, Ce) have been
synthesized in excess Ga and characterized by X-ray diffraction. LnPdGa6 (Ln = La, Ce) form in
the P4/mmm space group with lattice parameters a = b ~ 4.4 Å and c ~ 7.9 Å. Ce f-moments
order antiferromagnetically along the c-axis at TN = 5.5 K. Ln2PdGa12 (Ln = La, Ce) crystallize
in the tetragonal P4/nbm space group, with lattice parameters of a = 6.0370(3) Å and c =
15.4910(7) Å. It orders antiferromagnetically at TN ~ 11 K, and a spin reconfiguration transition
to canted antiferromagnetism occurs at 5 K. Structure-property relationships with the CePdGa6
are discussed.
CeNiSb3 has been prepared from an Sb flux or from reaction of Ce, NiSb, and Sb above
1123 K. It crystallizes in the orthorhombic space group Pbcm with lattice parameters a =
12.6340(7) Å, b = 6.2037(3) Å, and c = 18.3698(9) Å. Its structure consists of buckled square
Sb nets and layers of highly distorted edge- and face-sharing NiSb6 octahedra. Located between

vii

the ∞2 [Sb] and ∞2 [NiSb2] are the Ce atoms, in monocapped square antiprismatic coordination.
Resistivity measurements reveal a shallow minimum near 25 K that is suggestive of Kondo
lattice behaviour, followed by a sharp decrease below 6 K.
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CHAPTER 1.

INTRODUCTION
P

1.1

Heavy-Fermion Intermetallic Materials
Heavy-fermion intermetallic compounds comprise a unique class of materials that

displays interesting physical properties because of the screening of the magnetic moment by the
conduction electrons. The magnetic moment typically originates from a Ce or U atom with
partially-filled 4f or 5f shells. At room temperature, heavy-fermion materials behave as normal
metals where the f-electrons interact weakly with conduction electrons and display local-moment
magnetic properties. The conduction electrons progressively screen the magnetic moment as
temperature decreases, resulting in effective masses as large as 102 times that of a free electron,
hence the term, “heavy-fermion.” Because effective mass is proportional to the electronic
specific heat, unusually large values in electronic specific heat (γ typically > 400 mJ/mol K2) can
be observed in heavy fermion compounds. As a consequence of the screening of magnetic
moments, magnetic ordering can also be observed in these materials, albeit at low temperatures.1
1.2

Magnetic Ordering in Heavy-Fermion Materials
Heavy-fermion compounds show a variety of behavior. Most order antiferromagnetically

or do not order at all, although a few heavy fermion compounds even become superconducting.
A partial listing of of some Ce- and U-based heavy fermion compounds is provided in Table 1.1,
although PrOs4Sb122, YbRh2Si2,3 YbZnCu4 and YbAuCu44 are also heavy fermion
superconductors.

In UBe13,5 URu2Si2,6 UPt3,7 UNi2Al3,8 and UPd2Al3,9 there are

antiferromagnetic transitions followed by superconducting transitions ranging between 0.5 K and
4.6 K. Four Ce compounds are also superconductors − CeCu2Si210 and the more recently
discovered, CenMIn3n+2 (M = Co, Rh, Ir).11

1

Table 1.1 Ordering Temperature (K) of Some Heavy-Fermion Intermetallic Compounds

Antiferromagnetic
URu2Si2
U2Zn17
B

B

B

B

B

B

B

B

Ordering
Temperature

Reference

17.0
9.7

6
12

1.5
0.9
0.65
0.50

6
5
10
7

--

13

Superconducting
URu2Si2
UBe13
CeCu2Si2
UPt3
B

B

B

B

B

B

B

B

B

B

B

B

No Ordering (“Normal”)
CeAl3
B

B

Superconducting heavy fermion intermetallic compounds typically contain a magnetic
moment. Local magnetic moments provide unpaired spins, thus destroying the formation of
electron pairs, or Cooper pairs, that are usually responsible for superconductivity.12 Thus, the
fact that some heavy-fermion compounds simultaneously display superconductivity and
magnetism is intriguing.

In addition, the competition between superconducting and magnetic

states makes heavy fermion compounds a promising realm of materials in which to find quantum
critical points. Quantum criticality refers to a temperature region in a magnetic phase diagram of
a material where the system can be tuned chemically or through some external parameters, such
as pressure or temperature, so that the transition temperature (of say, magnetic ordering) is
driven towards absolute zero.13 The discovery of new heavy fermion materials, therefore, will
provide more opportunities to enhance our understanding of how quantum fluctuations influence
resistivity, magnetic susceptibility, and specific heat of materials.14
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1.3

Electronic and Transport Properties of Heavy-Fermion Materials
1.3.1

Theory of Specific Heat

Heavy-fermion materials exhibit several characteristic electronic and transport properties,
particularly in the heat capacity. The heat capacity is the heat or internal energy required to raise
the temperature of a sample by one degree Celsius. It can also be written as

C=

∂U
.
∂T

(1.1)

The heat capacity per mole, potential energy, and temperature are designated as C, U, and
T, respectively. Although the specific heat is typically defined as the heat capacity per gram of
sample,15 the molar heat capacity is often referred to as the specific heat. In this discussion, the
specific heat is considered the partial derivative of the energy with respect to temperature at
constant pressure as stated in Eqn. 1.1.
The specific heat is based on models of electronic behavior where electrons are described
by a Fermi-Dirac distribution.16 The Fermi-Dirac statistics are applied to fermions, or particles
with a ½ integer spin and thus follow the Pauli Exclusion Principle. The Fermi-Dirac
distribution, fFD, is given in Equation 1.2 where kB is the Boltzmann’s constant, and ε is the
energy.
f FD =

1
e

ε / k BT

+1

(1.2)

At high temperatures, there are many unoccupied states which excited electrons can occupy.
Thus, the Pauli Exclusion Principle and Fermi-Dirac statistics are useful in describing low
temperature behavior. As the temperature increases, only electrons with energy of kBT of εF

3

∞

U total = ∫ ε D(ε ) f FD (ε ) dε ,

(1.3)

0

will be thermally excited.

Hence the specific heat due to electronic excitations is

obtained by the integral:
where ε is the energy, D(ε) is the density of states, and fFD is the Fermi-Dirac distribution stated
in Equation 1.2. Solving the integral and substituting into Equation 1.2 gives Equation 1.4:

1
2
Celectron = π 2 D(ε F ) k B T
3

(1.4)

where

1
3

1
2

γ = π 2 D(ε F ) k B 2 = (πk B ) 2

N

εF

,

(1.5)

D(εF) is the density of states at the Fermi energy. T and N represent temperature in Kelvin and
the number of electrons, respectively.
The expression for the Fermi energy can be obtained from the free electron model.
h 2 ⎛ 3π 2 N ⎞
⎜
⎟
εF =
2m ⎜⎝ V ⎟⎠

2

3

(1.6)

ћ is Planck’ constant, m is the electron mass, and V is the volume of the Fermi surface in
reciprocal space.
Substitution of Equation 1.6 into Equation 1.5 yields:
γ =

Nπ 2 k B2 m
h 2 (3π 2 N )

4

2

3

(1.7)

1.3.2 Electronic Effective Mass
The mass of an electron is commonly known to be a constant value of 9.11 x 10-31 kg. A
free, or “bare,” electron becomes “dressed” when electron-electron, electron-phonon, and
electron-moment interactions are considered.17 In other words, an electron drags around the
interactions with its surrounding electron cloud, thus resulting in electrons with an effective
mass, m*. The m* is related to γ by the following ratio:

γ free electron
m
=
m * γ exp erimental

(1.8)

In realistic environments where T > 0 K, phonons, or lattice vibrations, must be
considered. The specific heat of a material is more completely described by the following:
C p = γT + αT 3 ,

(1.9)

where γ is the Sommerfeld coefficient of electronic specific heat and α is the phonon
contribution to the total specific heat.16 At room temperature, the phonon contribution
overwhelms the electronic effects; however, at low temperatures, the electronic specific heat can
be determined experimentally.
According to Equation 1.5, the magnitude of γ is proportional to the density of states.
Also the electron density per unit of energy at the Fermi energy level, D(EF), is indirectly
B

B

proportional to the characteristic energy of the electrons, ε(k).
Hence the effective mass of an electron is proportional to the density of states at the
Fermi energy and γ.
1

γ

∝

h2k 2
1
∝ ε (k ) =
D(ε F )
2m *

5

(1.10)

In heavy fermion materials where conduction electrons interact strongly with f-moments,
the electronic effective mass is large when the density of states at D(EF) is also large. In fact the
B

B

effective mass can be hundreds to thousands times larger than the mass of a free electron. For a
typical metal such as Cu, γ is approximately 10-1 mJ/mol K2, whereas γ is on the order of 102
mJ/mol K2 for heavy fermion compounds.
1.3.3 Experimental Determination of Specific Heat

The specific heat of a material can be determined by measuring power, time, and
temperature change with a Physical Property Measurement System (PPMS). The sample is
positioned onto a sample platform and puck with grease as shown in Figure 1.1.

puck

sample platform
sample

Supporting wires

Figure 1.1.

A schematic of a sample and sample platform for specific heat measurements
in a Physical Property Measurement System.

Supporting wires connect the sample platform to the sample. Power is supplied by the PPMS for
a predetermined length of time based on a characteristic time-constant, τ, which will be
discussed.

6

Once the power is terminated, the sample temperature is relaxed until it reaches the
temperature of the puck. Temperature decays exponentially in time with time-constant τ, which
is related to the specific heat by the following relationship:
where Kw is the thermal conductance of the wires.
Values for power, P, and temperature change, ∆T, are measured. Therefore, Ctotal is calculated
by:

τ = Ctotal K
w
P * ∆t
∆T

(1.11)

(1.12)

The units of P are Watts or J/s. Thus, Ctotal will have units of J/K. Thermal conductance of the
wires, Kw, and the temperature of the puck are subtracted from Ctotal to obtain Csample.
The "Two-Tau Model" is applied to compensate for real-world situations where coupling
between the sample and the platform falls below 100%, resulting in a temperature difference
between the sample and its platform.18 Basically, the Two-Tau Model considers two timeconstants, τ1and τ2. τ1 represents the relaxation time between the platform and the puck, and τ2
the relaxation time between the platform and the sample. The heat capacity due to the platform
is obtained from measuring the heat capacity of just grease on the platform. This measurement is
commonly referred to as an addenda measurement; Caddenda along with Cwires are subtracted from
the Ctotal in order to compute the Csample.
1.3.4 Resistivity
Resistivity measurements made on heavy-fermion compounds show anomalous behavior. At
high temperatures, the materials behave as a normal metal where resistivity is linear with

7

temperature due to the rise in phonons. However, at low temperatures, the behavior deviates
from linear behavior and a resistivity minimum can be observed at the so-called Kondo
temperature, TK. At temperatures below TK, the resistivity follows logarithmic behavior and
B

B

B

B

arises from spin-flip scattering.
1.4

Fundamentals of Magnetism

1.4.1 RKKY Mechanism
Magnetism in metals can be attributed to RKKY (Ruderman-Kittel-Kasuya-Yosida) and
U

U

U

U

U

U

U

U

Kondo mechanisms. Conduction electrons at absolute zero have a maximum kinetic energy
called the Fermi energy, EF, and therefore, a maximum wavelength, λF.17 The magnetic ion must
interact with electrons of a corresponding wavelength. Electron density with λF can be modeled
with Friedel oscillations which are based on a Fourier analysis and can be described with
Equation 1.1319:

4

1
1
(sin θ + sin 3θ + sin 5θ + ...)
π
3
5

(1.13)

RKKY theory explains that a magnetic ion is able to spin polarize surrounding
conduction electrons with λF.20, 21 In turn, these spin polarized electrons can couple to the spin of
a nearby ion, thus creating a cooperative interaction between distant magnetic ions.

The

oscillatory nature of the polarization is of the form (1/r3)cos 2kFr, where r is the distance from the
local moment, thus, there are regions in which the spins are polarized successively in the up and
down configurations with respect to the magnetic ion.20,

21

Whether ferromagnetic or

antiferromagnetic behavior is favored is dependent on the distance between the conduction
electron and the magnetic ion.21

8

1.4.2 The Kondo Effect
The Kondo effect is based on calculations that result in logarithmic behavior in the
resistivity with temperature.22

These calculations are based on the probability of spin-flip

scattering events where the spin of itinerant electrons may flip due to whether the localized states
are initially empty or occupied. The Kondo effect has successfully explained the resistivity
minimum which is commonly observed at low temperatures in metals that contain local magnetic
moments.

However, the Kondo calculations diverge from experimental results below the

minimum, as resistivity can not realistically continue to increase logarithmically as temperature
decreases toward 0 K. Rather, the logarithmic behavior exists down to the characteristic Kondo
temperature, TK, where the electrical resistivity is independent of temperature below TK.
As the temperature decreases towards TK, itinerant electrons become increasingly spin
polarized due to the oscillatory nature of the RKKY mechanism described above. Below TK,
RKKY gives way to a long-range and antiparallel spin polarization, often referred to as the
Nagaoka state.23 Thus, one can view the observation of magnetism in metal alloys as a result of
a series of spin-flip events where each event is dependent upon the previous spin-flip events
between itinerant electrons and the magnetic ion.
All forms of matter exhibit magnetism when a magnetic dipole moment is developed in
the presence of a sufficient magnetic field.5 Under the influence of a magnetic field, the density
P

P

of lines of force is known as the magnetic induction, B, of the sample. B is related to the field,
H, by the permeability, µ.

B = µH

(1.14)

B = µ0 ( H + M )

(1.15)

9

M is the magnetization (magnetic moment divided by the volume, mass, or number of moles) of

the sample. The magnetic susceptibility, χ, is defined as the ratio between magnetization, M, to
the applied magnetic field, H.
Magnetic moments can order in several ways: ferromagnetic, antiferromagnetic, and
paramagnetic. Ferromagnetism is displayed when moments align in the same direction and χ >>
1. χ, however, is no longer a useful parameter below the ordering temperature because
ferromagnetic materials exhibit field and history dependence. Thus the saturation magnetization
is the more important property. In antiferromagnetic materials the moments have the same
magnitude but oppose each other in direction.

χ is positive but small (typically ~ 10-2).
P

P

Diamagnetic ordering is discussed in more detail in the next section.
1.4.3 Curie-Weiss Law
The ordering of magnetic materials can be described in more detail with the Curie-Weiss
law.16 It states that

χ=

C
T −Θ

(1.16)

where C is the Curie constant and Θ represents the Weiss constant.
Since ferromagnetic substances have a large χ, Θ > 0. Θ usually coincides with the Curie
temperature, Tc.
B

B

In antiferromagnetic ordering, χ is small and Θ < 0.

Since negative

temperatures cannot be realistically observed, antiferromagnetic behavior can be better
characterized below the Néel temperature, TN. Magnetic susceptibility is typically very small at
B

B

low temperatures and increases rapidly with temperature until the maximum is reached at TN. At
B

temperatures above TN, Curie-Weiss behavior is usually regained.
B

B

10

B

1.4.4 Determination of Effective Moment
Magnetic properties are often related to the magnetic moment, µ, of an unpaired
electron(s). The magnetic spin moment, µs, is described by the Bohr magneton. A Bohr
B

B

magneton is defined as
eh
,
2m

1µ B =

(1.17)

where e is the charge of one electron, h is Planck’s constant divided by 2π, m is the electron
mass, and c is the speed of light. Thus, the value of a Bohr magneton is 9.27410 x 10-24 J/T or
P

P

9.27410 x 10-21 erg/G.
P

P

A magnetic moment arises from the electronic spin motion. The magnitude of the spin
from one unpaired electron is µs = 1.73 µB.
B

B

B

The total moment due to multiple spins is

B

determined by Equation 1.18:
(1.18)

µ s = g S ( S + 1) ,

where S is the total spin angular momentum, and g is the spectroscopic splitting factor. For an
electron spin, the value of g is 2.0023. For example, the Co2+ ion possesses three unpaired highP

P

spin electrons. Applying Equation 1.18 to Co2+ gives S = 3/2 and µs = 3.87. These calculated
P

P

B

B

values are approximations and can be lower than experimental values since spin-orbit coupling is
neglected in the calculations.
Experimentally, the magnetic moment at the ordering temperature can be obtained by
plotting χ-1 vs. T. Equation 1.17 relates magnetic susceptibility to the Bohr magneton.
P

P

M NJ ( J + 1) g 2 µ B2 C
=
= ,
H
T
3k BT

11

(1.19)

where N is Avogadro’s number and kB is Boltzmann’s constant.
B

B

The effective moment, p, is calculated using:
p ≡ g J ( J + 1) .

(1.20)

Equation 1.21 is obtained upon substitution of Equation 1.20 into Equation 1.19:
M Np 2 µ B2
=
H
3k BT

1.5.

(1.21)

Single Crystal X-Ray Diffraction

The work presented in subsequent chapters focuses on the discovery of new heavy
fermion compounds. Single-crystal X-ray diffraction was an essential experimental technique
for the structural characterization of these new materials. For more complete details, one should
consult more comprehensive texts.24-27
1.5.1 Bragg’s Law
X-ray diffraction is commonly viewed as X-ray beams diffracted by crystal planes. This
is explained with Bragg’s Law, which states that nλ = 2d sin θ , where n is an integer, λ is the Xray wavelength, d is the interplanar spacing, and θ is the angle between the X-ray beam and the
reflecting plane. A more complete proof of Bragg’s law is discussed in the previously mentioned
texts.
1.5.2 Reciprocal Lattice
The scattering of X-ray beams can be better understood in reciprocal space, where the set
of reciprocal lattice vectors is defined as G. Given that the direct lattice, T, and the reciprocal
lattice, G, are defined as stated in Equation 1.25 and 1.26,

12

v
v
v
v
T = Ua + Vb + Wc
v
v
v
v
G = ha * + kb * + lc *

(1.25)
(1.26)

where U, V, and W represent the coordinates of a lattice point in direct space, h, k, and l represent
v v
v v v
v
the Miller indices, and ( a , b , c ) and ( a * , b * , c * ) are the lattice vectors in direct and

reciprocal, respectively. The relationship between direct space and reciprocal space vectors are
given below.
v v
⎛ b ×c ⎞
v*
a = 2π ⎜⎜ v v v ⎟⎟
⎝ a ⋅b ×c ⎠

r v
v*
⎛ a×c ⎞
b = 2π ⎜ v v v ⎟
⎝ a ⋅b ×c ⎠

r v
⎛ a ×b ⎞
v*
c = 2π ⎜⎜ v v v ⎟⎟
⎝ a ⋅b ×c ⎠

(1.27)
(1.28)
(1.29)

The amplitude and phase information of a scattered wave are included in the structure factor, F,
as stated in Equation 1.30.
N

N

j =1

j =1

F = ∑ g j e iϕ = ∑ g j e

i 2π ( hx j + ky j + lz j )

,

(1.30)

where φ refers to the resultant phase between two scattering vectors and gj refers to the
temperature-corrected atomic scattering factor, fj for each atom, j. F is the amplitude of the
scattered wave, and F2 denotes the intensity of the wave. The atomic scattering factors are
tabulated and depend on the atomic number Z; the realistic value of fj, however, also depends on
the scattering direction, X-ray wavelength, and atomic displacement.28 The structure factor, F, is
also the Fourier transform of the periodic electron density, ρ(r), allowing for the conversion
between direct and reciprocal spaces. The Fourier series is stated in Equation 1.31.

ρ ( x, y , z ) =

1
∑ ∑ ∑ Fhkl e − 2πi ( hx + ky + lz ) ,
V h k l

where V is defined as the volume of the unit cell.
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(1.31)

1.5.3 Sample Preparation
The absorption of X-rays is governed by Equation 1.32.

I = I o e − µt ,

(1.32)

where I is the intensity of the attenuated beam, Io is the intensity of the unattenuated beam, µ is
the linear absorption coefficient, and t refers to the thickness of the sample. To avoid excessive
X-ray absorption by the sample, crystals were cut with a sharp-edged razor blade into fragments
with dimensions smaller than 0.06 mm before being mounted onto thin glass fibers. The fibers
are then placed into small brass pins before being placed onto the goniometer. A microscope
aids in centering the sample into the path of the X-ray beam.
1.5.4 Instrumentation
For the work performed here, a Bruker Nonius KappaCCD diffractometer was used. This
diffractometer is equipped with a Mo Kα (λ = 0.71073 Å) X-ray tube, a three axes goniometer,
and a charge-coupled device (CCD) detector.

Optics include shutters and a graphite

monochromator, which serves to reduce radiation due to background and Kβ. The data collection
is controlled with a computer interface.
The X-ray beam was generated with an X-ray tube composed of a Mo target (the anode)
and a W filament (the cathode). The Mo target is housed inside an evacuated glass envelope
separate from the W filament. The W filament is contained in a metal cup, and once the filament
current is applied to the filament, energetic electrons are repelled from the W filament and
focused onto the Mo target.

Consequently, X-rays are produced and emitted through Be

windows. Typical settings for the generation of X-rays are 20 mA and 60 kV.
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Figure 1.3 shows the three axes about the crystal: omega, kappa, and phi. These axes are
used to orient the crystal in the X-ray beam. A theta axis and dx are used to position the
detector.

Figure 1.3.

A sketch of a goniometer used on a four-circle single-crystal diffractometer.
Reproduced from Enraf Nonius CAD4 Manual.

The CCD detector is a two-dimensional solid-state detector which detects the visible light
generated from phosphors (which convert X-ray photons into visible light).

Typically,

phosphors are composed of Gd2O2S doped with Tb. CCD allow for high speed and accuracy.
Most data sets presented in this document were collected within twelve hours or less.
1.5.5 Data Processing
Once data were collected, data reduction and scaling were performed using Denzo and
Scalepack programs.29 Reducing the data included extracting the intensities of the diffraction
spots and assigning hkl values to the diffraction spots in the pattern, thus enabling the
determination of lattice parameters of the unit cell using least squares refinement. At this stage,
data are corrected for Lorentz and polarization factors and absorption. Polarization corrections
are made when there is a loss of intensity due to polarization of the beam by reflection.25
Reflections from different images are measured with varying instrumental conditions, thus raw
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intensities cannot be compared directly. Scaling of the data was performed to merge several data
sets together related by space group symmetry.25

Reflections which were outliers when

redundant data were averaged under the crystal symmetry would be discarded.
1.5.6 Space Group Determination
A space group is a complete description of the lattice type and symmetry operations. A
key reference used to study the details of a space group is the International Tables of
Crystallography.28 Systematic absences are reflections that are weak or absent because of some
symmetry element with a translational component within the unit cell (screw axis, glide plane,
non-primitive unit cell). For example, h00 reflections with h odd are missing for a two-fold
screw axis parallel to the a-axis.24
1.5.7 Structure Solution
Typically, Patterson or direct methods are employed to obtain a structure solution. The
Patterson method relies on interatomic vectors to determine the atomic arrangement. This can be
very difficult with unit cells with greater than twenty atoms. Many individuals have contributed
to the development of direct methods, but the key findings of Karle and Hauptman in the 1950’s
revolutionized the use of crystallography.30

Direct methods employs normalized structure

factors, E, to determine the phases of the Bragg reflections. The definition of E is stated in
Equation 1.33.
F (hkl )

2

E (hkl ) ∝

N

∑f
j =1

2

2 − B sin 2 θ / λ 2
j

e

,

(1.33)

where B is the temperature factor due to thermal vibration of atoms.
X-ray scattering decreases with increasing scattering angle, θ, and temperature. The
denominator in Equation 1.32 is θ-dependent and serves to normalize the structure factor, F.
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Compared with F values, E values can be quite large, particularly for ordinarily small F values.
This becomes advantageous when, as in direct methods, the solution is achieved by forming a
vector triplet in reciprocal space.

For centrosymmetric space groups, this translates into

deducing the phase of the third vector if the phases of two other vectors for a particular hkl are
known. Thus, the phase of the scattered wave can be determined. A point of maximum
contribution from three signs at an intersection point corresponds to a region of high electron
density.
For the work discussed in this document, X-ray data were imported into a direct methods
program, such as SIR9731 or SHELXS32 to obtain a structure solution, and SHELXL9733 was
used for data refinement.
1.5.8 Other Parameters for Refinement
Once the structure was solved, data were refined for atomic positions, thermal vibrations,
and weighting schemes.

(F

obs

).
2

− Fcalc

Fobs

Successful least-squares refinement minimizes the expression,

and Fcalc

denote the observed and calculated structure factors,

respectively.
After atomic positions are located, atomic displacement due to thermal vibrations must be
considered. The temperature factor, Bj of atom j is given by Equation 1.34.
2

B j = 8π 2U j ,

where U

2
j

(1.34)

is the mean-square amplitude of the vibration from its equilibrium position in a

direction normal to the reflecting plane, and it is temperature-dependent. The displacement
parameters, U were refined anisotropically, so that U could be described in six different
directions.
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Extinction factors may be necessary to correct for attenuation of the X-ray beam by the
crystal. Primary extinction is caused by X-rays being “doubly reflected” by multiple planes in
the crystal. This ultimately leads to reduction in the intensity of the X-ray beam. The scattered
X-ray can also be reduced by significant reflection of the beam by the first plane; subsequent
parallel planes further in the crystal receive less of the incident beam.26
Weighting schemes can also be applied to the refinement process in order to achieve the
best fit to Fobs . The mathematical description of the weighting scheme, w, is given by Equation
1.35.
w(hkl ) =

1

σ

2

(1.36)

( Fobs (hkl ) + ( AP) 2 + BP),

where σ is the standard deviation, A and B are constants, and P = ( F02 + 2 Fc2 ) / 3 .25
The quality of a structure determination can be judged by the R-factor and differences in
the electron density maps. The reliability factor, or R-factor, describes the difference in observed
and calculated structure-factor amplitudes. The mathematical expression for R-factor is:25
R = ∑ Fobs − Fcalc / Fobs .

(1.37)

hkl

Lower R-factors indicate higher degrees of agreement between observed and calculated structure
factors. Typically, final R-factors of less than 0.05 or 5% are desirable.
An electron density map shows positive and negative peaks that correspond to residual
electron density that is unaccountable.26 Excessively large peaks indicate incorrect assignment
of atomic positions.

For structure determinations of organic compounds, residual electron

density peaks, ∆ρ rarely exceed 1 e-/Å3; for the intermetallic compounds considered in this
document, a ∆ρ smaller than approximately 5 e-/Å3 is considered reasonable.
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2.1

CHAPTER 2.

CRYSTAL GROWTH AND STRUCTURE DETERMINATION OF
LaMIn5 (M = Co, Rh, Ir)

Introduction
CeRhIn5 is antiferromagnetic at ambient pressure and superconducting at high pressures.1

It has a 3.8 K Néel temperature at ambient pressure and a 2 K superconducting transition for
pressures above 16 kbar. A Fermi surface (FS) determination of a continuous series of alloys,
La1-xCexRhIn5, showed conclusively that the Ce 4f electrons are localized. The band structure of
CeRhIn5 is best represented by the band structure of LaRhIn5, rather than a delocalized 4f Ce
band structure.2
CeIrIn5 is an ambient pressure superconductor at 0.4 K,1 and Tc increases with applied
pressure reaching a maximum value of ~1 K at approximately 15 kbar.

Also, there is

preliminary de Haas van Alphen evidence that the Ce 4f electrons in superconducting CeIrIn5
and CeCoIn5 are much more strongly interacting with the conduction electrons, leading to a
delocalized 4f electron picture for the band structure in these cases.3
Of the three CeMIn5 (M = Co, Rh, Ir) compounds, CeCoIn5 has the highest Tc (2.3 K).4
Superconductivity in two dimensions is thought to be common in the copper-oxide-based high Tc
materials, and the upper critical field of CeCoIn5 below 0.5 K is found to be highly anisotropic.
Furthermore, the transition exhibits hysteresis for an external magnetic field directed in the abplane of the tetragonal structure. The hysteresis disappears for temperatures above 1.4 K,
relative to the zero field transition temperature of 2.3 K.

1

Reprinted from J. Solid State Chem., 177, Macaluso, R. T.; Sarrao, J. L.; Pagliuso, P. G.; Moreno, N. O.;
Goodrich, R. G.; Browne, D. A.; Fronczek, F. R.; Chan, J. Y.., Crystal growth and structure determination of
LaMIn5 (M = Co, Rh, Ir), 245, Copyright (2002), with permission from Elsevier
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2.2

Experimental
2.2.1

Flux Growth Techniques

A common synthetic route to producing high-quality single-crystals of intermetallic
compounds is flux growth.5 The basis of flux growth is the melting point of the beginning
materials. Typically, the beginning materials, in elemental form, are placed into an alumina
crucible with materials having the higher melting points at the bottom of the crucible. The
crucible and its contents are then sealed into an evacuated quartz tube in order to maintain a
controlled growth environment. A plug of quartz wool is placed between the crucible and the
quartz tube to avoid cracking of the tube. A second piece of quartz wool placed over the crucible
serves as a filter during flux removal. Once the crystals are grown, the ampoule is removed from
a furnace, which is at a temperature higher than the melting point of the flux, inverted, and spun
in a centrifuge to remove excess flux.
In the synthesis of LaMIn5 (M = Co, Rh, Ir), La metal obtained from Ames Laboratory
(99.999 %) and In metal (Alfa Aesar, 99.9995 %) were cut into small pieces. Co (Alfa Aesar,
99.998 %), Rh (Alfa Aesar, 99.995 %), and Ir (Alfa Aesar, 99.95 %) powders were used as
received.
The LaMIn5 compounds were prepared by measuring the constituents in a 1:1:20 ratio
and placing them in an alumina crucible. Quartz wool was placed over the reaction crucible, and
the entire reaction was sealed in an evacuated quartz tube.
For M = Rh, Ir, the mixtures were then heated to 1100 °C for 2 hours and then slowly
cooled to 700 °C at 10 °C/h. The cobalt samples were heated to 1150 °C for 2 hours followed by
an initial rapid cooling (150 °C/h) to 800 °C and a slow cooling (4 °C/h) to 350 °C.
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The tube and its contents were then centrifuged to filter the excess In flux. The large 1 ×
2 mm metallic plate-like crystals were mechanically separated for structural analysis. All of the
crystals were stable in air, and no noticeable degradation of the sample was observed in magnetic
measurements.

Table 2.1.

Crystallographic Parameters of LaMIn5 (M = Co, Rh, Ir)

Crystal Data
Formula
a (Å)
c (Å)
V (Å3)
Z
Crystal Dimension (mm3)
Crystal System
Space Group
θ range(°)
µ (mm-1)

LaCoIn5
4.6399(4)
7.6151(6)
163.94(2)
1
0.075 x 0.025 x 0.025
Tetragonal
P4/mmm
2.5 - 35.0
25.96

LaRhIn5
4.6768(3)
7.5988(7)
166.20(2)
1
0.075 x 0.050 x 0.012
Tetragonal
P4/mmm
2.5 - 35.0
25.59

Data Collection
Measured reflections
Independent reflections
Reflections with I >2σ(I)
Rint
h
k
l

1404
263
239
0.082
-7 → 7
-5 → 5
-8 → 12

2000
266
248
0.047
-7 → 7
-5 → 5
-11 → 12

1312
203
194
0.077
-6 → 6
-4 → 4
-10 → 11

0.023
0.053
266
12
4.37
-1.64
0.0066(8)

0.036
0.083
203
11
4.52
-3.70
none

Refinement
0.036
R [F2 > 2σ (F2)]
2
wR(F )
0.103
Reflections
263
Parameters
12
3.24
∆ρmax (e Å-3)
-2.06
∆ρmin (e Å-3)
Extinction coefficient
0.042(4)
a
R1 = ∑||Fo| - |Fc||/∑|Fo|
b
wR2 = ∑[w(Fo2 – Fc2)]/ ∑[w(Fo2)2]1/2
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LaIrIn5
4.6897(6)
7.5788(12)
166.68(4)
1
0.10 x 0.08 x0.06
Tetragonal
P4/mmm
2.5 – 32.0
42.99

Table 2.2.

Atomic Positions and Thermal Parameters of LnMIn5
(Ln = La, Ce; M = Co, Rh, Ir) (Ref.7 and 8)

Lattice Parameters (Å) a = 4.61292(9) c = 7.5513(2)
Atom
x
Ce
1a
0
0
Co
1b
0
0
In1
1c
1/2
1/2
In2
4i
0
1/2
Lattice Parameters (Å) a = 4.656(2)
c = 7.542(1)
Atom
x
Ce
1a
0
Rh
1b
0
In1
1c
1/2
In2
4i
0
Lattice Parameters (Å) a = 4.674(1)
c = 7.501(5)
Atom
x
Ce
1a
0
Ir
1b
0
In1
1c
1/2
In2
4i
0

y

y
0
0
1/2
1/2

y
0
0
1/2
1/2

Ueq

z
0
1/2
0
0.3094(3)

n/a
n/a
n/a
n/a

z
0
1/2
0
0.3059(2)

0.008
0.005
0.013
0.011

z
0
1/2
0
0.30524(18)

Ueq

Ueq
0.00509
0.0117
0.0103
0.00946

Atomic Positions and Thermal Parameters of LaMIn5 (M = Co, Rh, Ir)
Atom
La
Co
In1
In2

x
1a
1b
1c
4i

0
0
1/2
0

1a
1b
1c
4i

0
0
1/2
0

1a
1b
1c
4i

0
0
1/2
0

Atom
La
Rh
In1
In2

x

Atom
La
Ir
In1
In2

y

z
0
1/2
0
0.31134(9)

Ueq
0.0077(3)
0.0098(5)
0.0123(3)
0.0128(3)

y

z
0
1/2
0
0.30775(6)

Ueq
0.00754(17)
0.0090(2)
0.0119(2)
0.01212(16)

y

z
0
1/2
0
0.30766(16)

Ueq
0.00117(4)
0.0129(3)
0.0166(5)
0.0162(3)

0
0
1/2
1/2

0
0
1/2
1/2

x
0
0
1/2
1/2
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Table 2.3.

Select Interatomic Distances (Å) and Angles (°) for LaMIn5 (M=Co, Rh, Ir)
LaCoIn5

LaRhIn5

LaIrIn5

3.3171(5)
3.2809(3)
3.3171(5)

3.3071(4)
3.3070(2)
3.3071(4)

3.3068(9)
3.3161(4)
3.3068(9)

Angles(°)
90
119.640(5)
60.360(5)
59.279(10)
88.755(18)
120.721(10)

Angles(°)
90
119.999(3)
60.001(3)
59.999(8)
89.998(13)
119.999(3)

Angles (°)
90
120.093(9)
59.907(9)
60.186(19)
89.68(3)
119.813

In2−In2 (c − axis)
In2−In2 (ab − plane)
M−In2 (x8) (Å)

2.8733(14)
3.2809(3)
2.7288(4)

2.9218(9)
3.3070(2)
2.7572(3)

2.915(2)
3.3161(4)
2.7610(7)

In2−M−In2
In2−M−In2

Angles (°)
63.54(3)
73.907(12)

Angles (°)
63.990(17)
73.696(8)

Angles (°)
63.74(4)
73.81(2)

Within cuboctahedron
In1− In2
La− In1 (x4) (Å)
La− In2 (x8) (Å)

In1−La−In1
In1−La−In2
In1−La−In2
In2−La−In2
In2−La−In2
In2−La−In2
Within rectangular
polyhedron

2.2.2

Single-Crystal X-Ray Diffraction

A typical single-crystal fragment of each compound (0.075 x 0.025 x 0.025mm3,
LaCoIn5), (0.075 x 0.050 x 0.012 mm3, LaRhIn5), (0.10 x 0.08 x 0.06 mm3, LaIrIn5) was
mounted on a Nonius KappaCCD diffractometer (Mo Kα, λ = 0.71073 Å). Data were collected
at 298 K. Further data collection parameters and crystallographic data are presented in Table
2.1.
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2.2.3

Physical Property Measurements

Electrical resistivity and magnetic susceptibility data were obtained using commercial
measurement systems from Quantum Design (PPMS and MPMS, respectively). Data were
collected over a temperature range of 2 K to 350 K.
2.3

Results and Discussion
2.3.1

Crystal Structure

The structures were solved with direct methods and refined using SHELXL979 beginning
with the atomic positions of CeMIn5 as the initial structural model.8 Data were corrected for
extinction and refined with anisotropic displacement parameters.

Further crystallographic

parameters are found in Table 2.1. The atomic coordinates are provided in Table 2.2, and
relevant interatomic distances are given in Table 2.3. LaMIn5 (M = Co, Rh, Ir) are found to be
isostructural to their Ce analogues with the HoCoGa5 structure type in the tetragonal space group
P4/mmm.10 The unit cell of LaCoIn5 along the c − axis is shown in Figure 2.1 and consists of
four atoms in the asymmetric unit where La, M, In1, and In2 atoms occupy the 1a, 1b, 1c, and 4i
sites, respectively
Like high-temperature superconducting cuprates, LaMIn5 (M = Co, Rh, Ir) can be
described as a layered compound. In CeCoIn5, for example, critical-field measurements in the ac
− plane have suggested two-dimensional superconductivity.11 In LaMIn5, the multilayers are
seen as 8-coordinated CoIn2 rectangular prisms interleaved with face-sharing layers of LaIn3
cuboctahedra. For LaCoIn5, the height of the LaIn3 cuboctahedra layer and the CoIn2 layers are
4.742 Å and 2.873 Å, respectively.
The layered structure can also be viewed as alternating La-In planes and M-In planes.
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These sheets are stacked directly above one another; the transition metal atoms lie
directly above the lanthanide atoms (La or Ce), and the planar Ln−Ln distances are equivalent to
the planar M−M distances. For M = Co, Rh, Ir respectively, these intraplanar La−La and M−M
distances are 4.6399(4) Å, 4.6768(3) Å, and 4.6897(6) Å.

LaIn3

CoIn2

Figure 2.1

Layers of LaIn3 cuboctahedra and CoIn2 rectangular prisms alternate along
the c − axis. La are coordinated to eight In1 and four In2 atoms. The bodycentered La is represented by the blue shading of the prism; Co is
represented by theorange circles, and In is represented by the green circles.

The coordination of the La in the cuboctahedra is twelve-fold to In: four-fold to In1 and
eight-fold to In2. The La−In2 coordination includes eight equivalent La−In2 bond distances of
3.2809(3) Å, 3.3070(2) Å, and 3.3161(4) Å for M = Co, Rh, Ir, respectively. This is in good
agreement with other La-In distances in the binary alloys: InLa,12 InLa3, In2La,13 and In3La,13, 14
where La−In2 distances range from 3.226 Å to 3.596 Å.
The Ce−In and La−In bond distances are shown in Table 2.4. In the CeMIn5 analogues,
the ratio between Ce−In2 and Ce−In1 distances showed that the cuboctahedra of CeCoIn5 were
distorted in such a manner that the c − axis was elongated.8 The cuboctahedra of CeIrIn5, on the
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other hand, were shortened along the c-axis. In CeRhIn5, the Ce−In2: Ce-In1 ratio is very close
to one, indicating that the cuboctahedron is under minimal distortion.
Table 2.4.

Ln-In Bond Distances in Cuboctahedra for Ln = La, Ce (Ref. 21 and 22)

Co
Rh
Ir

Ce−In2(Å)
3.283(1)
3.2775(7)
3.272(1)

Ce−In1(Å)
3.26183(6)
3.292(2)
3.3050(7)

Ce−In2/Ce−In1
1.006
0.9956
0.9900

Co
Rh
Ir

La−In2(Å)
3.3171(5)
3.3071(4)
3.3068(9)

La−In1(Å)
3.2809(3)
3.3070(2)
3.3161(4)

La−In2/La−In1
1.0110
1.000
0.99720

The trend is similar in the LaMIn5 series. The ratio of La−In2 and La−In1 distances
reveals a distorted cuboctahedron in LaCoIn5 and LaIrIn5, whereas all La−In distances in the
LaRhIn5 cuboctahedra are identical to each other. The cuboctahedra, which are formed from La
and In1 and In2 atoms are distorted neither along the c − axis nor the ab − plane. The La−In1
and La−In2 distances, 3.3070(2) Å and 3.3071(4) Å, are identical. For LaCoIn5, the La−In1
interatomic distances, 3.2809(3) Å, are shorter than the La−In2 distances of 3.3171(5) Å, thus
indicating an elongated c − axis. The c-axis of LaIrIn5 is shortened with La−In1 distances of
3.3162(4) Å, while the La−In2 bond distance within the cuboctahedra is only 3.3068(9) Å.
The transition metal is coordinated to eight In2 atoms forming a rectangular prism. Each
pair of In2 atoms along the c-axis forms the edge of a neighboring rectangular prism. The M−In
distances are 2.7288(4) Å, 2.7572(3) Å, 2.7610(7) Å for LaCoIn5, LaRhIn5, and LaIrIn5,
respectively. These values are in good agreement with CoIn2,15 CoIn3,16, 17 InRh,18 and IrIn3,19
where Co-In distances range from 2.601 Å to 2.763 Å. The transition metal in the binary alloys,
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CoIn3,16 InRh,18 and IrIn3,19 and in the heavy-fermion compounds have a coordination number of
eight. The In−In interatomic distances are also similar to CoIn2 and CoIn3 with In−In distances
in the range of 3.135 Å to 3.596 Å. For LaCoIn5 In−In distances are 3.2809(3) Å (a-b plane) and
2.8733(14) Å (c-axis).
Trends in the lattice parameters are similar to those previously reported for the CeMIn5
(M = Co, Rh, Ir) analogues (M = Co, Rh, Ir), with the La values being slightly larger due to
expected lanthanide contraction.8 It was found that the a − axis becomes elongated and the c-axis
becomes shortened as the atomic radius of the transition metal increases. As provided in Table
2.4, the cuboctahedra c − axis (La−In2 interatomic distance) and the In2−La−In2 angle decreases
as the transition metal becomes larger. This accompanies the increase in the M- In bond and the
In2 − In2 bond distances of the rectangular prisms along the plane and c − axis. The expansion
of the c − axis in the rectangular prisms is not sufficient to compensate for the decrease in the
height of the cuboctahedra.
The atomic positions for the 4i sites are shown in Table 2.2. Similar to the CeMIn5
analogues, the position is further away from the transition metal as the atomic size increases
from Co to Ir. This trend in the z position of In2 is due to the expansion of the rectangular prisms
along the c − axis.
The Rh compounds show similar structural features in the LnIn3 cuboctahedra in both the
CeMIn5 and LaMIn5 analogues. LaIn3 is known to be a cubic,13, 14 and in LaRhIn5, all the a and
c axes of the LaIn3 layers are equivalent to 4.6768(3) Å. The cubic structure is reflected in the
La-In2: La-In1 ratio, and it is only when this ratio is close to unity that a small piece of Fermi
surface is observed at 7 T.3
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2.3.2

Calculations

Optimal lattice parameters and atomic positions were computed using a full potential LAPW
band structure code20 employing the GGA exchange potential21 was used. The muffin-tin radii
were 2.85 au for La, 2.50 au for In, 2.55 au for Co and Rh, and 2.6 au for Ir. A total of 690 plane
waves, corresponding to an energy cutoff of 30 Ryd, were used. The Brillouin zone integrations
were done over 330 kpts in the irreducible wedge (5,000 points in the full zone). The core levels
were treated completely relativistically, while the spin-orbit interaction in the valence states was
included as a perturbation. The total energy was minimized to 30 µRyd by varying a, c, and the
z position of the In2 site. The residual forces in the converged structure were smaller than 3
mRyd/au.
Experimental data also agree with the computed optimal lattice structure. Results from
the computations are summarized in Table 2.5. General trends in variations of the lattice
parameters and atomic positions are reproduced in the calculations, although the calculated a and
c parameters are somewhat larger than the experimental values. The agreement is closest in
LaCoIn5 where the difference is 0.8%, while the differences are 1.4% larger for the LaRhIn5 and
LaIrIn5 cases.
Table 2.5.
M
Co
Rh
Ir

Computed Lattice Parameters and Atomic Positions of LaMIn5
a (Å)
4.675(1)
4.744(1)
4.77(2)

c (Å)
7.682(8)
7.702(3)
7.67(1)

zIn2
0.3118(1)
0.3067(6)
0.305(6)

V/Vexp
1.024
1.043
1.042

V/Vexp = Ratio of Computed Cell Volume to Experimental Cell Volume of LaMIn5 (M = Co, Rh, Ir)

The computed structure is not just an expanded version of the experimental one since the
zIn2 values are different. Furthermore, the calculations reproduce the experimental feature that
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the La-In1 distance is 1% less than the La-In2 distance in LaCoIn5: the distances are equal in
LaRhIn5 and the La-In1 distance is larger in LaIrIn5.
By varying a, c, and zIn2, the total energy was minimized to an accuracy of 30 µRyd, and
the minimization of the a and c lattice parameters was done by steepest descent.

The

minimization of zIn2 was done two ways. In one method it was included in the steepest descent
minimization, while the other method was to minimize c and a and then do damped molecular
dynamics using the calculated forces on the In atom. Both methods agree to within the precision
stated, and the forces on the In2 atom at the final positions were less than 4 mRyd/au. The
uncertainties quoted were derived by finding how much variation in c, a, and zIn2 resulted in a
rise of 30 µRyd in the total energy above the minimum value. When minimizing the force on the
atom, the computed uncertainty in zIn2 was consistent with the experimental value of zIn2. The
fact that the calculated equilibrium lattice constants are 0.5% to 1.5% larger than the
experimental is consistent with the typical accuracy of 1% to 3% that is expected for an allelectron density functional calculation of the lattice parameters.
In summary, comparisons of the structural trends of LaMIn5 (M=Co, Rh, Ir) follow our
expectations. The larger metal cation causes the unit cell to increase along the plane; however,
in the Rh case, the lengths of a and c axes are very similar to that of the cubic parent compound,
LaIn3. The calculations of the total energy have been presented to show that we are able to
properly model the experimental results obtained. These calculations will be compared with
Fermi surface studies and other probes of the band structure in a subsequent publication.
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CHAPTER 3.

3.1

SINGLE-CRYSTAL GROWTH OF Ln2MIn8 (Ln = La, Ce; M = Rh, Ir):
IMPLICATIONS FOR THE HEAVY-FERMION GROUND STATE

Introduction
The principal focus of this work is the growth and structural characterization of the n = 2

members of the CenMIn3n+2. The La analogues of these Ce compounds have also been prepared
with the aim of understanding which structural trends derive specifically from the presence of an
f-electron in the Ce compounds. In this study, the structure and magnetic properties of the n = 1,
2, and ∞ members of the intergrowth homologous series of compounds, LnnMIn3n+2 (Ln = La,
Ce; M = Rh, Ir) are compared.

This allows for a more complete understanding of the

relationship between magnetism and superconductivity and of why certain structure types favor
heavy-fermion superconductivity.
Similar to CeRhIn5, Ce2RhIn8 orders antiferromagnetically at TN = 2.8 K at ambient
pressure, but superconductivity with Tc ~ 2 K can be induced with the application of ~ 25 kbar
of pressure.8 The Sommerfeld constant γ ≈ 400 mJ/mole K2 of Ce2RhIn8 is also comparable to
that of CeRhIn5. The fact that the superconducting transition temperature is higher in CeRhIn5
and Ce2RhIn8 than in CeIn3 and the nature of magnetic structure in these materials have been
attributed to their quasi-layered structure relative to CeIn3.
Ce2IrIn8, on the other hand, remains paramagnetic to lowest temperatures. Although it
has a Sommerfeld coefficient similar to that of CeIrIn5 (γ ≈ 700 mJ/mol K2), it does not display
superconductivity. Although it is not the subject of this paper and its ground state properties are
unknown, polycrystalline Ce2CoIn8 has been synthesized and found to be isostructural to the Rh
and Ir compounds.
1

Reproduced with permission from Macaluso, R. T.; Sarrao, J. L.; Moreno, N. O.; Pagliuso, P. G.; Thompson, J.
D.; Fronczek, F. R.; Hundley, M. F.; Movshovich, R.; Chan, J. Y., Chem. Mater. 2003, 15, 1394. Copyright 2003

American Chemical Society
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CeIn3 (the ‘parent’ and n = ∞ member of CenMIn3n+2) is cubic and undergoes a
commensurate antiferromagnetic transition at TN = 10.23 K.9,10

It also becomes

superconducting between 24 and 27.5 kbar pressure with the sharpest transition at Tc = 0.204 K
and 27.5 kbar.11,12 The low-temperature linear contribution to specific heat of CeIn3 is γ ≈ 120
mJ/mol K2.13-15
The principal focus of this chapter is the structural characterization of the n = 2 members
of the CenMIn3n+2. The La analogues of these Ce compounds have also been prepared with the
aim of understanding which structural trends derive specifically from the presence of an felectron in the Ce compounds. In this study, the structure and magnetic properties of the n = 1,
2, and ∞ members of the intergrowth homologous series of compounds, LnnMIn3n+2 (Ln = La,
Ce; M = Rh, Ir) are compared.
3.2

Experimental
3.2.1

Synthesis

La (99.999 %) and Ce (99.999%) metals obtained from Ames Laboratory and In ingot
(Alfa Aesar, 99.9995 %) were cut into small pieces. Rh (Alfa Aesar, -20 mesh, 99.95 %), and Ir
(Alfa Aesar, -60 mesh 99.95 %) powders were used as received.
Ln2MIn8 (Ln = La, Ce; M= Rh, Ir) single crystals were grown from excess In flux.
Stoichiometric amounts of Ln = La, Ce and M = Rh, Ir were combined with excess In in an
alumina crucible, which was then encapsulated in an evacuated quartz ampoule. The evacuated
quartz ampoule was heated at 1100 °C for 2 hours and slow-cooled at a rate of 8 °C/h to 650 °C.
At this temperature, the ampoule was removed from the furnace, and excess In flux was removed
by centrifugation.16
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3.2.2

Single Crystal X-ray Diffraction

The ~ 1 × 2 mm metallic plate-like crystals were mechanically separated for structural
analysis. All of the crystals were stable in air, and no noticeable degradation of the sample was
observed in magnetic measurements.
A black single crystal fragment of each compound was used for data collection on a
Nonius KappaCCD diffractometer (Mo Kα, λ = 0.71073 Å). Data were collected at 298 K.
Further data collection parameters and crystallographic data are presented in Table 3.1.
The structures were solved with direct methods and refined using SHELXL9717
beginning with the atomic positions of Ho2CoGa8 as the initial structural model.18 Data were
corrected for extinction and refined with anisotropic displacement parameters. The atomic
coordinates are provided in Table 3.2, and relevant interatomic distances are given in Table 3.3.
The largest features in the final difference maps of the electron density are 8.18 e-/Å3 for
Ce2RhIn8, 6.6 e-/Å3 for Ce2IrIn8, 15.9 e-/Å3 for La2RhIn8, and 31.8 e-/Å3 for La2IrIn8. Lowtemperature (100 K) data were also collected, and the large features existed in these difference
maps. These residual electron densities are higher than expected, even for lanthanide-containing
compounds. When a light atom, such as O, is placed in that position, the refinement gives a
slightly less than fully occupied site (∼97% for La2RhIn8), and the R-value changes very little.
Furthermore, the electron-density peaks are at (1/2, 1/2, 0), a 4/mmm site approximately
octahedrally surrounded by In atoms. In Ce2RhIn8, five of the In atoms were located 2.35 Å
from this electron density, and the sixth In was 2.42 Å away. This position is too small for a
heavy element, such as In, to occupy the site. The electron density may suggest an interstitial
presence of a small-Z atom; therefore, we also conducted microprobe analysis to address the
possible presence of C, N, or O.
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Table 3.1. Crystallographic Parameters of Ln2MIn8 (Ln = La, Ce; M = Rh, Ir)
Crystal Data
Formula
a (Å)
c (Å)
V (Å3)
Z
Temperature (°C)
Density (g cm-3)
Crystal Dimension (mm3)
Crystal System
Space Group
θ range(°)
µ (mm-1)

Ce2RhIn8
4.6670(4)
12.247(4)
266.75(12)
1
25
8.013
0.075 x 0.025 x 0.075
Tetragonal
P4/mmm
2.5 - 45.3
26.703

Ce2IrIn8
4.6897(6)
12.1950(11)
266.07(5)
1
25
8.681
0.075 x 0.050 x 0.025
Tetragonal
P4/mmm
2.5 - 35.0
37.711

Data Collection
Measured reflections
Independent reflections
Reflections with I >2σ(I)
Rint
h
k
l

1129
703
606
0.032
-9 → 9
-6 → 6
-23 → 24

1204
408
372
0.068
-7 → 7
-7 → 7
-19 → 19

Refinement
R [F2 > 2σ (F2)]
wR(F2)
Reflections
Parameters
∆ρmax (e Å-3)
∆ρmin (e Å-3)
Extinction coefficient

0.042
0.1012
703
17
8.12
-2.9
0.0073(8)

0.047
0.108
408
17
6.6
-2.9
none
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Table 3.1 Continued
Crystal Data
Formula
a (Å)
c (Å)
V (Å3)
Z
Crystal Dimension (mm3)
Temperature (°C)
Density (g cm-3)
Crystal System
Space Group
θ range(°)
µ (mm-1)

La2RhIn8
4.6980(2)
12.3440(4)
272.447(19)
1
0.075 x 0.012 x 0.075
25
7.919
Tetragonal
P4/mmm
3.3 - 45.3
25.63

La2IrIn8
4.70600(10)
12.3120(4)
272.667(12)
1
0.10 x 0.050 x 0.075
25
8.456
Tetragonal
P4/mmm
2.5 - 40.2
36.29

Data Collection
Measured reflections
Independent reflections
Reflections with I >2σ(I)
Rint
h
k
l

2197
730
592
0.065
-9 → 9
-6 → 6
-22 → 24

1697
579
570
0.054
-8 → 8
-6 → 6
-22 → 20

Refinement
R [F2 > 2σ (F2)]
wR(F2)
Reflections
Parameters
∆ρmax (e Å-3)
∆ρmin (e Å-3)
Extinction coefficient
a
R1 = ∑||Fo| - |Fc||/∑|Fo|

0.059
0.054
0.151
0.142
730
579
17
17
15.9
31.8
-4.1
-7.6
0.015(2)
0.016(2)
b
2
2
2 2 1/2
wR2 = ∑[w(Fo – Fc )]/ ∑[w(Fo ) ]
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Table 3.2. Atomic Positions of Ln2MIn8 (Ln = La, Ce)
Atom
Ln
Rh
In1
In2
In3
Compound
Ce2RhIn8
Ce2IrIn8
La2RhIn8
La2IrIn8

2g
1a
2f
4i
2h

x
0
0
1/2
1/2
1/2

z Ln
0.80704(3)
0.80602(8)
0.80631(5)
0.80527(5)

y
0
0
0
0
1/2
z In2
0.61944(4)
0.61993(9)
0.61788(5)
0.61833(5)

z
z Ln
1/2
0
zIn2
zIn3
z In3
0.80563(6)
0.80562(11)
0.80364(9)
0.80368(9)

Table 3.3. Select Interatomic Distances (Å) and Bond Angles (°) for Ln2MIn8
(Ln = La, Ce; M= Rh, Ir)
Ce2RhIn8
Within LnIn3 (Ln = La, Ce) cuboctahedron

Ce2IrIn8

La2RhIn8

La2IrIn8

3.3242(7)
3.2565(10)
3.3029(4)
179.83(5)

3.3520(5)
3.3060(6)
3.32215(14)
178.86(4)

3.3593(5)
3.2915(6)
3.3277(5)
179.32(4)

Within MIn2 (M = Rh, Ir) rectangular polyhedron
In2-In2 (c-axis)
2.9255(9)
2.925(2)
In1-In1 (a-b plane)
3.3001(5)
3.3029(4)
M-In2 (x 8) (Å)
2.7541(3)
2.7556(6)

2.9107(13)
3.32199(14)
2.7633(4)

2.9138(13)
3.3276(5)
2.7675(3)

Ce(La)-In1 ( x 4) (Å)
Ce(La)-In2 ( x 4) (Å)
Ce(La)-In3 ( x 4) (Å)
In3-Ce(La)-In3 Angle (°)

3.2.3

3.3001(5)
3.2748(4)
3.3211(3)
179.40(2)

Electron Microprobe Analysis

To determine the presence of an interstitial atom, we examined a single crystal of each
compound: Ce2RhIn8, Ce2IrIn8, La2RhIn8, and La2IrIn8 with electron probe microscopy.
Analyses were performed on a JEOL733 Superprobe at 15 kV accelerating potential and 10 nA
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beam current. Wavelength dispersive scans were made on diamond and BN standards at 1.0
sec/point in 5µm intervals. After locating the C and N peak positions, we found no evidence for
the presence of C, N, or O. Because other evidence of the presence of a light atom cannot be
found and given the crystal quality of the sample, we suspect that the residual electron densities
may be due to systematic error. A number of crystal growth attempts yielded similar crystal
quality.
3.2.4

Physical Property Measurements

Electrical resistivity and magnetic susceptibility data were obtained using commercial
measurement systems from Quantum Design (PPMS and MPMS, respectively). Data were
collected over a temperature range of 2 K to 350 K.
3.3.

Results and Discussion
The structures of LnMIn5 (n = 1; Ln = La, Ce; M = Co, Rh, Ir) have been previously

described in detail.19-21 The structure consists of one LnIn3 cuboctahedra layer interleaved with
one MIn2 layer. As the transition metal progressively increased in size, the height of the
cuboctahedra along the c − axis decreased while the length across the ab − plane increased.
Interestingly, the LnIn3 (Ln = La, Ce) cuboctahedra in LnMIn5 were distorted for the M = Co, Ir
members, but were least distorted for M = Rh. The cuboctahedra in LnRhIn5 (Ln = La, Ce) bear
a striking resemblance to the cubic structure of LnIn3 but are distorted for LnCoIn5 and
LnIrIn5.21 Thus, one might speculate that the reason that CeRhIn5 orders magnetically (TN = 3.8
K) while CeIrIn5 and CeCoIn5 superconduct (at 0.4 and 2.3 K, respectively) is related to this
distortion.
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3.3.1. Crystal Structure
Ln2MIn8 (Ln = La, Ce; M = Rh, Ir) crystallize in the tetragonal space group, P4/mmm
(No. 123) with the Ho2CoGa8 structure type.18 The structure can be viewed as a bilayer of LnIn3
cuboctahedra layers alternating with MIn2 rectangular polyhedra layers along the c-axis. The
extended structures of the LnnRhIn3n+2 family (n = 1, 2, ∞; Ln = La, Ce) are compared in Figure
3.1.
Atomic positions of Ln2MIn8 (Ln = La, Ce; M = Co, Rh, Ir) are presented in Table 3.2.
The z coordinates of the 2g, 4i, and 2h sites are variable for Ce, In2, and In3, where In2 and In3
correspond to the In atoms that are bonded to the MIn2 and LnIn3 layers, respectively.
The bond distances describing the cuboctahedra in Ln2MIn8 (Ln = La, Ce; M = Rh, Ir)
are listed in Table 3.4. Ce is located at the center of each cuboctahedron. Ce and In3 are across
the ab - plane, but the two atoms are not strictly coplanar as in LnMIn5. (Ce−In1) is the bond
between the Ce and the In atom (In1) between the two CeIn3 layers. (Ce−In2) describes the bond
between Ce and the In atom (In2) that is shared with the MIn2 (M = Rh, Ir) layer.

n=1
Figure 3.1.

n=2

n=∞

Structures of the n = 1, 2, ∞ members of the CenRhIn3n+2 family. Green circles
represent In, orange circles represent Rh, and blue shading represents Ce
cuboctahedra.

42

Selected interatomic distances of the cuboctahedra layer in Ln2MIn8 compounds are
shown in Table 3.3. The width of the cuboctahedra along the ab − plane (Ln−In3) and part of
the cuboctahedra height along the c−axis (Ln−In2 distance) are smaller for the Ir than the Rh
compound. In the LnMIn5 phase however, the cuboctahedra width is larger for Ir. However,
Ln2MIn8 contains a third crystallographically independent In atom whose distance to the next
cuboctahedra layer (Ln−In1) increases. This compensates for the decrease in (Ln−In2) and
avoids extreme cuboctahedra distortions.
The ratios of (Ce−In3/Ce−In1) and (Ce−In3/Ce−In2) describe the degree of structural
distortion in the cuboctahedra of Ce2MIn8. For both M = Rh and Ir, (Ce−In3/Ce−In1) have
identical deviations (0.0064) from unity, as shown in Table 3.4. The (Ce−In3/Ce−In2) ratio is
closer to 1 in the Rh compound than in the Ir compound, indicating that the cuboctahedra in
Ce2RhIn8 resembles the cubic structure of CeIn3 more so than Ce2IrIn8. Thus, Ce2RhIn8 is more
3D and more like CeIn3 than Ce2IrIn8. Similar to CeRhIn5, the less distorted local geometry in
Ce2RhIn8 may be related to why it orders magnetically,whereas Ce2IrIn8 does not. The La−In
distances are slightly larger in the Ce analogues as expected, due to lanthanide contraction.
Similar trends in the (La−In3/La−In1) and (La−In3/La−In2) ratios are found for the La
analogues. This trend has also been observed for the LnMIn5 (Ln = La, Ce; M = Rh, Ir)
subfamily.21
Table 3.4. Ln -In Bond Distances in LnIn3 (Ln = La, Ce) Cuboctahedra
Ce−In1 (Å)

Ce−In2 (Å)

Ce−In3(Å)

Ce−In3/Ce−In1(Å)

Ce−In3/Ce−In2(Å)

Rh

3.3001(5)

3.2748(4)

3.3211(3)

1.0064(2)

0.9981(1)

Ir

3.3242(7)

3.2565(10)

3.3029(4)

0.9936(2)

1.0142(3)

La−In1 (Å)

La−In2 (Å)

La−In3(Å)

La−In3/La−In1(Å)

La−In3/La−In2(Å)
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Table 3.5 Continued
Rh

3.3520(5)

3.3060(6)

3.32215(14)

0.9911(1)

1.0049(2)

Ir

3.3593(5)

3.2915(6)

3.3277(5)

0.9906(2)

1.0110(2)

3.3.2. Relation of Structural Parameters to Physical Properties-Resistivity
The temperature dependence of the electrical resistivity of the Ln2MIn8 family is
qualitatively similar to that of LnMIn5. In particular, for the La variants, the resistivity is that of
a normal metal, whereas for the Ce variants one observes resistivity that is relatively temperature
independent above a characteristic temperature T ~ 20 K before becoming more metallic.3
Representative resistivity data along the b-axis for Ln2RhIn8 are shown in Figure 3.2.
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Figure 3.2.

Electrical resistivity (ρo) as a function of temperature (T) for Ce2RhIn8 and
La2RhIn8.
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Strikingly, the residual resistivity (ρo) of Ce2RhIn8 (ρo = 55 µΩ-cm) is two orders of
magnitude larger than that of CeRhIn5 (ρo = 0.4 µΩ-cm); similar differences are observed in the
La analogues. This effect is much more significant than any observed variations as a function of
homologous series in a particular structure type. We speculate that this increased resistivity
results from the buckling of the Ln-In3 layer. The In3-Ln-In3 bond angles are provided in Table
3.3. In Ce2RhIn8, Ce and In3 no longer reside in the same ab - plane, and the In3-Ce-In3 angle is
no longer 180° as in the CeRhIn5. The zCe coordinate is 0.80704(3), while zIn3 is 0.80563(6),
resulting in the formation of a 179.40(2)° In3-Ce-In3 angle.
increased in the nonmagnetic La-analogs.

Buckling of the Ln atom is

For example, the In3-La-In3 angle measures

178.86(4)° in La2RhIn8, almost 1° smaller than its Ce analog.
3.3.3

Relation of Structural Parameters to Physical Properties-Magnetism

The magnetic susceptibility as a function of temperature for CenRhIn3n+2 (n = 1, 2, ∞) is
shown in Figure 3.3. In each case, the susceptibility is approximately what is expected from a
Ce J = 5/2 local moment, namely Curie-Weiss susceptibility at high temperature with µeff close
to 2.54 µB (µeff = (8C)1/2 and χ = χo + C/(T+θ)). Specifically, for field applied perpendicular to
the crystallographic c-axis of Ce2RhIn8, χo = -0.00019(1) emu/mol, C = 0.807(5) (µeff = 2.534(5)
µB), and θ = -70.7(8) K; for field parallel to the c-axis of Ce2RhIn8, χo = -0.00035(2) emu/mol, C
= 0.899(7) (µeff = 2.674(7) µB), and θ = -18.2(8) K.
For the tetragonal compounds, magnetic anisotropy is observed, and this anisotropy is
larger in single-layer CeRhIn5 than Ce2RhIn8. Interestingly, if one performs a polycrystalline
average of the data (χpoly = 1/3 (2χa + χc)), the data for all three compounds are nearly identical.
This indicates that while structural layering modifies the magnetic character of these compounds,
the overall effect is rather small. The evolution of the magnetic ordering temperature, on the
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other hand, is something of a mystery; naively, one would expect TN to evolve in the order of
CeIn3, Ce2RhIn8, CeRhIn5, consistent with decreasing 3-D character. However, one finds TN
(CeRhIn5) > TN (Ce2RhIn8). This is presumably due to differences in the electronic structure of
these materials, which are also reflected in the propagation vectors of the ordered magnets.
CeIn3 and Ce2RhIn8 have nearly the same magnetic structure, whereas the structure of CeRhIn5
is more helical and 2-D. The low-temperature heavy-fermion ground states of CeMIn5 and
Ce2MIn8 (M = Rh, Ir) have been studied using specific heat measurements and are least affected
by the structural layering. The γ values are 400 mJ/mol K2 for both CeRhIn5 and Ce2RhIn8, and
720 mJ/mol Ce K2 and 700 mJ/mol Ce K2 for CeIrIn5 and Ce2IrIn8, respectively.2 These
observations are consistent with the fact that hybridization is a relatively local effect; the local
Ce coordination is not changed between the n = 1 and n = 2 members of the CenMIn3n+2 family.
3.4.

Conclusion
The structure, magnetic, and transport properties clearly show that the CenMIn3n+2 family

(n =1, 2, ∞; M = Rh, Ir) becomes more three-dimensional as one progresses from n = 1 → ∞.
The key structural feature of the LnnMIn3n+2 family lies within the LnIn3 cuboctahedra. In
particular, the half of the cuboctahedra closest to the MIn2 layer is more significant. Ratios of
Ce-In and Ce-Ce distances explain the dimensionality and anisotropy observed in magnetic
susceptibility measurements. This is consistent with magnetic structure studies of CenRhIn3n+2,
where the cubic CeIn3 building blocks have a stronger influence on magnetic correlation than
RhIn2.7 In addition, the Ce buckling within the cuboctahedra contributes to increased resistivity
for both the Ce-based and La-based materials.
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Figure 3.3.
Magnetic susceptibility M/H as a function of T, measured at 1000 Oe. Red
circles represent CeRhIn5, blue squares represent Ce2RhIn8, and black circles represent CeIn3.
Open symbols are for applied field parallel to the crystallographic c-axis, solid symbols for H
perpendicular to c, and dotted symbols for polycrystalline samples. The polycrystalline
average of these data (1/3[χparallel + 2 χperpendicular]) are also shown in comparison to those of
cubic CeIn3.
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1

4.1.

CHAPTER 4.

SYNTHESIS AND STRUCTURE OF A NEW
ANTIFERROMAGNET, CePdGa6

Introduction
Ternary intermetallic compounds, Ln-T-X, consisting of a (Ln) lanthanide, (T) transition

metal, and a (X) main group metal exhibit fascinating physical properties. Some of these are
heavy-fermion materials, which exhibit characteristically large effective masses, magnetic
susceptibility χ, and Sommerfeld coefficients of specific heat (γ ≥ 400 mJ/mol K2). CenMIn3n+2
(M = Co, Rh, Ir; n = 1, 2) is a special family of heavy-fermions that exhibits both magnetism and
superconductivity. CeCoIn5 and CeIrIn5 are superconducting at 2.3 K and 0.4 K, respectively,
while CeRhIn5 superconducts at 2.1 K under applied pressures of 16 kbar.1,2 At ambient
pressure, CeRhIn5 is a heavy-fermion antiferromagnet with an incommensurate magnetic
structure and TN = 3.8 K.3 The electronic specific heat coefficient is 400 ≤ γ ≤700 mJ/mol K2.
The n = 1 members of the CenMIn3n+2 (M = Co, Rh, Ir; n = 1, 2) family are layered
compounds.

The CeIn3 cuboctahedra layers stack periodically with alternating rectangular

polyhedra MIn2 layers along the c-axis. 4,5 A similar arrangement is found in the n = 2
subfamily; however, two CeIn3 layers are found for every one MIn2 layer.6
The n = 2 members of the CenMIn3n+2 (M = Co, Rh, Ir; n = 1, 2) family have comparable
γ values, but Ce2RhIn8 orders antiferromagnetically at TN = 2.8 K at ambient pressure.
Superconductivity with Tc ~ 2 K can be induced with the application of ~ 25 kbar of pressure.7
Ce2IrIn8, on the other hand, remains paramagnetic down to the low temperature.

1

Reproduced from “Macaluso, R. T.; Nakatsuji, S.; Lee, H.; Moldovan, M.; Fisk, Z.; Young, D. P.
Y., Chan, J. Y., J. Solid State Chem. 2003, 174, 296” with permission from Elsevier.
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In our study of ternary intermetallic compounds related to CenMIn3n+2 (M = Rh, Ir; n = 1,
2), we have found two new compounds LnPdGa6 (Ln = La, Ce). Magnetic and specific heat
measurements have clarified an antiferromagnetic heavy-fermion ground state of CePdGa6 due
to the f-moments in contrast with its non-magnetic analog, LaPdGa6.
4.2.

Experimental
4.2.1 Synthesis
Single crystals of CePdGa6 and LaPdGa6 were grown by the metallic flux method. Ce

ingot (3N, Ames Laboratory), Pd (5N, Alfa Aesar), and Ga (5N, Alfa Aesar) or La ingot (3N,
Ames Laboratory), Pd (4N, Alfa Aesar), and Ga (6N, Alfa Aesar) were placed into an alumina
crucible in a 1:1:20 ratio. The crucible and its contents were then sealed into an evacuated quartz
tube and heated to 1150 °C.

After slowly cooling to 350 °C, the tube was inverted and

centrifuged to remove the excess flux, and large single crystals of CePdGa6 were left in the
crucible. A similar temperature profile was followed for LaPdGa6. Typical crystal size ranged
between 5 x 5 x 5 to 10 x 10 x10 mm3. No noticeable degradation of the crystals in air was
observed.
4.2.2

Single-Crystal X-ray Diffraction

A suitable 0.03 x 0.05 x 0.01 mm3 silver-colored fragment was mounted onto the
goniometer of a Nonius KappaCCD diffractometer equipped with Mo Kα radiation (λ = 0.71073
Å). High-resolution data were collected up to θ = 40.3° at 293 K. Further crystallographic
parameters are provided in Table 4.1. The structural model was refined using SHELXL978.
Data were then corrected for extinction and refined with anisotropic displacement parameters.
Atomic positions and thermal parameters are provided in Table 4.2, and selected interatomic
distances and bond angles are given in Table 4.3.
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Similar procedures and instrumentation were followed to determine the crystal structure
of LaPdGa6. The structure of CePdGa6 served as an initial model for the determination of the
crystal structure of the isostructural analog, LaPdGa6.
Table 4.1. Crystallographic Parameters of LnPdGa6 (Ln = La, Ce)
Crystal Data
Formula
a (Å)
c (Å)
V (Å3)
Z
Crystal Dimension (mm3)
Crystal System
Space Group
θ range(°)
µ (mm-1)

CePdGa6
4.350(3)
7.922(6)
149.90(19)
1
0.03 x 0.05 x 0.10
Tetragonal
P4/mmm
2.5 – 40.4
36.73

LaPdGa6
4.3760(3)
7.9230(5)
151.721(18)
1
0.01 x 0.08 x 0.08
Tetragonal
P4/mmm
2.5 – 33.14
35.829

Data Collection
Measured reflections
Independent reflections
Reflections with I >2σ(I)
Rint
h
k
l

937
327
317
0.082
-7 → 7
-5 → 5
-12 → 14

537
215
205
0.1456
-6 → 6
-4 → 4
-12 → 10

0.036
0.089
327
13
3.65
-1.96
0.021(3)

0.0538
0.1421
215
13
4.18
-4.06
0.027(8)

Refinement
R [F2 > 2σ(F2)]
b
wR(F2 )
Reflections
Parameters
∆ρmax (e Å-3)
∆ρmin (e Å-3)
Extinction coefficient
a
R1 = ∑||Fo| - |Fc||/∑|Fo|
b
wR2 = ∑[w(Fo2 – Fc2)]/ ∑[w(Fo2)2]1/2
a
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Table 4.2. Atomic Positions and Thermal Parameters of LnPdGa6 (Ln = La, Ce)
CePdGa6
Atom
Ce
Pd
Ga1
Ga2

Wyckoff
Position
1a
1b
2h
4i

x

y

z

U11

U22

U33

0
0
1/2
0

0
0
1/2
1/2

0
1/2
0.15149(13)
0.32935(9)

0.0117(2)
0.0122(3)
0.0154(3)
0.0138(3)

0.0117(2)
0.0122(3)
0.0154(3)
0.0166(3)

0.0161(3)
0.0153(4)
0.0121(4)
0.0124(3)

LaPdGa6
Atom
La
Pd
Ga1
Ga2

Wyckoff
Position
1a
1b
2h
4i

x

y

z

U11

U22

U33

0
0
1/2
1/2

0
0
1/2
0

0
1/2
0.15263(17)
0.33040(12)

0.0134(5)
0.0138(6)
0.0174(7)
0.0147(7)

0.0134(5)
0.0138(6)
0.0174(7)
0.0180(7)

0.0099(7)
0.0109(8)
0.074(8)
0.0070(7)

Table 4.3. Select Interatomic Distances and Bond Angles of LnPdGa6 (Ln = La, Ce)

Within LnGa4 rectangular prism
Ln–Ga1(x8) (Å)
Ga1–Ga1(x4) (c-axis) (Å)
Ga1–Ga1(x4) (ab − plane) (Å)

CePdGa6

LaPdGa6

3.3017(4)
2.400(2)
4.350(6)

3.3222(5)
2.419(3)
4.351(8)
Angles (°)

Ga1–Ce–Ga1

Within PdGa2 rectangular prism
Pd–Ga2 (x8) (Å)
Ga1–Ga1(x4) (c − axis) (Å)
Ga1–Ga1 (x4) (ab − plane) (Å)

42.63(3)
82.408(12)

42.69(4)
82.386(15)

2.5609(4)
2.7039(15)
3.076(6)

2.5677(5)
2.6875(19)
3.076(7)
Angles (°)

Ga2–Pd–Ga2

63.742
73.812
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63.11(4)
74.105(17)

4.3

Results and Discussion
4.3.1. Crystal Structure
LnPdGa6 (Ln = La, Ce) crystallize in the tetragonal P4/mmm space group (No. 123) with

the Ln, Pd, Ga1, and Ga2 occupying the 1a, 1b, 2h, 4i sites, respectively.
The crystal structure of CePdGa6 bears a striking resemblance to the heavy-fermion
family of compounds, CeMIn5 (M = Co, Rh, Ir). CeMIn5 and LnPdGa6 (Ln = La, Ce) share the
same P4/mmm space group and similar lattice parameters (∼4 x 7 Å). The structure of CeMIn5
can be viewed as a periodic stacking of CeIn3 cuboctahedra layers and MIn2 layers along the c –
axis. In CePdGa6, however, the coordination of the Ce atom results in face-sharing 8-coordinate
CeGa8/4 rectangular prisms instead of 12-coordinate cuboctahedra. In addition, the CeGa8/4
rectangular prisms are staggered with the edge-sharing PdGa8/2 rectangular prism layer by 90°.
The structures of CeCoIn5 and CePdGa6 are provided in Figure 4.1.

(a) CePdGa6
Figure 4.1.

(b) CeCoIn5

The crystal structure of (a) CePdGa6 and (b) CeCoIn5 are shown along
the c − axis. (a) The face-sharing Ce rectangular prisms are shaded blue
and the edge-sharing Pd rectangular prisms are shaded orange. (b) Ce
cuboctahedra, shaded in blue, alternate along the c − axis with Pd
rectangular prisms, shaded in orange.
54

The Pd - Ga interatomic distance found in the Ga2Pd prisms is 2.5609(4) Å, which agrees
with other known Pd - Ga distances. In Pd2Ga, for example, Pd and Ga atoms are separated by
2.558 Å. The Pd - Ga distances in Pd5Ga3 range between 2.388 - 2.701 Å \9, and 2.501 - 2.691 Å
in PdGa5 and Pd2Ga \10. In addition, the sum of the two covalent radii of Ga (1.22 Å) and Pd
(1.37 Å) gives an expected interatomic distance of 2.59 Å, which is close to our experimental Pd
- Ga distance of 2.5609(4) Å.11
The Ce-Ga distance in the CeGa4 prisms in CePdGa6 is 3.3017(4) Å, which is slightly
larger than the 3.252 Å – 3.299 Å range of Ce-Ga distances found in CeGa2,12 Ce5Ga3, and
CeGa6.12 However, all of these values are slightly larger than 3.04 Å, the bond length estimated
by summing the Ce (1.82 Å) and Ga (1.22 Å) covalent radii.11
In the layer of CeGa8/2 prisms in CePdGa6, the Ga-Ga distance along the ab − plane is
4.350(6) Å. The Ga-Ga distance measures 2.400(2) Å along the c − axis, which is close to 2.442
Å, the bond distance based on the Ga covalent radius (1.22 Å). The length along the c-axis of
the PdGa2 layer is 2.7039(15) Å. Both Ga-Ga distances fall within a range of 2.297 – 2.930 Å
found in CeGa6 12, CeGa2 12, and PdGa5 .10
The Ga - Ga distance between the LnGa8/4 and PdGa8/2 layers is ∼2.56 Å. This is slightly
longer than the expected 2.4 Å Ga-Ga bond distance based on the covalent radii mentioned
previously. In addition, the Ce-Ga2 interatomic distance measures 3.3967(6) Å, which is slightly
longer than the Ce-Ga1 distances of the typical Ce-Ga bond distance range of 3.252 Å – 3.299 Å.
Theoretical calculations will be performed in order to provide further insights into the true
bonding of this material.
Similar yet slightly larger Ce-Ga and Ga-Ga interatomic distances are found in the
isostructrural LaPdGa6 analog, which is expected due to lanthanide contraction. Further
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crystallographic parameters for the La analog are provided in Tables 4.2 and 4.3.
Considering their structural and obvious chemical similarity to the LnMX5 compounds,
unusual physical properties, such as superconductivity, may exist in this new family of LnMX6
materials.

Further exploration of the magnetic and transport properties, such as chemical

pressure/ doping effects to the magnetic heavy-fermion state, of LnPdGa6 series is currently in
progress.

In addition, the effects of substitutions of other lanthanide elements will be

investigated.
4.4 References
(1)

Petrovic, C.; Pagliuso, P. G.; Hundley, M. F.; Movshovich, R.; Sarrao, J. L.; Thompson, J.
D.; Fisk, Z.; Monthoux, P. J. Phys.: Condens. Matter 2001, 13, L337.

(2)

Petrovic, C.; Movshovich, R.; Jaime, M.; Pagliuso, P. G.; Hundley, M. F.; Sarrao, J. L.;
Fisk, Z.; Thompson, J. D. Europhys. Lett. 2001, 53, 354.

(3)

Hegger, H.; Moshopoulou, E. G.; Hundley, M. F.; Sarrao, J. L.; Fisk, Z.; Thompson, J. D.
Phys. Rev. Lett. 2000, 84, 4986.

(4)

Moshopoulou, E. G.; Fisk, Z.; Sarrao, J. L.; Thompson, J. D. J. Solid State Chem. 2001,
158, 25.

(5)

Moshopoulou, E. G.; Sarrao, J. L.; Pagliuso, P. G.; Moreno, N. O.; Thompson, J. D.; Fisk,
Z.; Ibberson, R. M. Applied Physics. A, Mat. Sci.Proc. 2001, 74, s895.

(6)

Macaluso, R. T.; Sarrao, J. L.; Moreno, N. O.; Pagliuso, P. G.; Thompson, J. D.; Fronczek,
F. R.; Hundley, M. F.; Movshovich, R.; Chan, J. Y. Chem. Mater. 2003, 15, 1394.

(7)

Nicklas, M.; A., S. V.; Borges, H. A.; Pagliuso, P. G.; Petrovic, C.; Fisk, Z.; Sarrao, J. L.;
Thompson, J. D. Phys. Rev. B 2003, 67, 020506.

(8)

Sheldrick, G. M. SHELXL97: University of Göttingen, Germany, 1997.

(9)

Bhan, S.; Kudielka, H. Z Metallkd. 1978, 69, 333.

(10)

Schubert, K.; Lukas, H. L.; -G., M. H.; Bhan, S. Z. Metallkd. 1959, 50, 534.

(11)

Sutton, L. Tables of Interatomic Distances and Configurations in Molecules and Ions;
The Chemical Society: London, 1965; Vol. Spec. Publ. No.18.

(12)

Kimmel, G.; Dayan, D.; Grill, A.; Pelleg, J. J. Less-Common Met. 1980, 75, 133.
56

1

CHAPTER 5. STRUCTURE-PROPERTY RELATIONSHIPS OF HEAVY FERMION
COMPOUNDS: CePdGa6 and Ce2PdGa12

5.1

Introduction
Ce based intermetallic compounds have attracted interest because of their variety of

electronic properties. Extensive studies have been performed to understand so called “heavy
fermion” states at low temperatures where large values of magnetic susceptibility and electronic
specific heat are observed as a result of f-electrons coupling with conduction electrons.1 The
important role of the dimensionality has been suggested for the heavy fermion state and
especially for the superconductivity (SC). For example, the highest TC of 2.3 K for the SC is
found in the layered material CeCoIn5.2 The search for new layered materials is important in
exploring new heavy fermion states and in deepening our understanding of the role of the
structural dimensionality.
Recently, we have reported the synthesis and structure of a new Ce based layered
intermetallic compound, CePdGa6 and its La-analog.3

CePdGa6 exhibits a heavy fermion

behavior with the specific heat coefficient γ ~ 300 mJ/mol-Ce K2. It shows highly anisotropic
magnetism and orders antiferromagnetically at TN ~ 5.5 K. The layered nature of the crystal
structure, consisting of CeGa8/4 and PdGa4/2 rectangular prisms alternating in a 1:1 ratio along
the c-axis, is consistent with anisotropy observed in the magnetism.
In our search for new layered materials in ternary Ce-M-Ga, we have discovered a new
phase, Ce2PdGa12. The tetragonal structure is composed of Ce-Ga and PdGa8/2 layers, similar to
CePdGa6. Magnetic combined with specific heat measurements suggest an antiferromagnetic
(AF) heavy-fermion ground state of Ce2PdGa12, whose spin configuration transforms from a
collinear AF to a canted one on lowering temperature. Moreover, we have found a field-induced
1

Macaluso, R. T.et al., J. Solid State Chem. 2004, Submitted.
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metamagnetic transition in the AF state. We will discuss the structure-property relationships with
the related heavy-fermion antiferromagnet CePdGa6.
5.2

Experimental
5.2.1

Synthesis

Single-phase crystals of Ce2PdGa12 were obtained by using flux growth methods. Ce or
La ingot (3N, Ames Laboratory), Pd (5N, Alfa Aesar), and Ga (5N, Alfa Aesar) were placed into
an alumina crucible in a 1: 1 : 20 ratio. The contents were sealed into an evacuated quartz tube,
and the ampoule was heated to 1150 °C for 2 hours and allowed to cool to 450 °C, at which point
the ampoules were immediately inverted and spun with a centrifuge. Plate-like single crystals
were mechanically extracted. Typical crystal size ranged between 0.125 to 1 cm3. No noticeable
degradation of the crystals in air was observed.
Single-phase crystals of CePdGa6 were obtained by similar methods. Ce or La ingot (3N,
Ames Laboratory), Pd (5N, Alfa Aesar), and Ga (5N, Alfa Aesar) were placed into an alumina
crucible in a 1: 1.5 : 15 ratio.

After sealing the contents into a quartz tube, the ampoule was

heated at 1150 °C for 2 hours and allowed to cool quickly to 500 °C at a rate of 150 °C/hr. The
samples were then slow cooled at a rate of 8 °C/hr to 400 °C, at which point the ampoules were
immediately inverted and spun with a centrifuge. Single crystals were mechanically extracted.
Flux growth methods using a 1:1:20 ratio of Ce: Pd: Ga and a temperature profile
consisting of heating to 1150 °C followed by centrifugation at 350 °C yields a mixture of
CePdGa6 and Ce2PdGa12.
5.2.2 X-Ray Diffraction
A suitable 0.08 x 0.03 x 0.03 mm3 silver-colored fragment was mounted onto the
goniometer of a Nonius KappaCCD diffractometer equipped with Mo Kα radiation (λ = 0.71073

58

Å). Data were collected up to θ = 30.0° at 293 K. Further crystallographic parameters are
provided in Table 5.1. The structural model was refined using SHELXL97.4 Data were then
corrected for extinction and refined with anisotropic displacement parameters. Atomic positions
and displacement parameters are provided in Table 5.2, and selected interatomic distances are
given in Table 5.3. Single crystal X-ray diffraction was performed on several fragments of
multiple batches of crystals. All results are consistent with the temperature schemes discussed
above.
5.2.3

Physical Property Measurements

Magnetization data were obtained using a Quantum Design Magnetic Property
Measurement System SQUID magnetometer. The temperature-dependent magnetization data
were obtained first under zero-field cooled (ZFC) conditions from 2 K to 330 K under a field of
1000 G. Magnetization was then measured upon heating to obtain field-cooled (FC) data after
cooling to 2 K under field. Field (H)-dependent measurements were collected at 2 K with H
swept between 0 and 5.5 Tesla. These procedures were followed for the crystallographic ab −
plane of the crystal aligned parallel and perpendicular to the magnetic field.
Specific heat was measured by a thermal relaxation method from 20 K to 0.35 K at zero
magnetic field and ambient pressure using a Quantum Design Physical Property Measurement
system. The entropy was obtained by integrating the specific heat divided by the temperature
with respect to the temperature.
Table 5.1. Crystallographic Parameters of Ce2PdGa12
Crystal Data
Formula
a (Å)
c (Å)
V (Å3)
Z

Ce2PdGa12
6.1060(3)
15.5470(6)
579.64(5)
2
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Table 5.2 Continued
Crystal Dimension (mm3)
Crystal System
Space Group
θ range(°)
µ (mm-1)

0.03 x 0.03 x 0.08
Tetragonal
P4/nbm
2.55 – 30.03
36.491

Data Collection
Measured reflections
Independent reflections
Reflections with I >2σ(I)
Rint
h
k
l

1462
485
434
0.0373
-8 →8
-6 →6
-17 →21

Refinement
0.0397
R [F2 > 2σ(F2)]
b
2
wR(F )
0.1084
Reflections
485
Parameters
26
-3
3.943
∆ρmax (e Å )
-3
-2.560
∆ρmin (e Å )
a
R1 = ∑||Fo| - |Fc||/∑|Fo|
b
wR2 = ∑[w(Fo2 – Fc2)]/ ∑[w(Fo2)2]1/2
a

Table 5.2. Atomic Positions and Displacement Parameters in Ce2PdGa12
Atom

Wyckoff
x
y
z
Position
Ce
4h
3/4
1/4
0.25351(4)
Pd
3/4
1/4
1/2
2d
Ga1
4g
1/4
1/4
0.31591(8)
Ga2
4g
1/4
1/4
0.15804(8)
Ga3
8m
0.49979(9)
0.99979(9)
0.41229(5)
Ga4
8m
0.57078(13)
0.07078(13)
0.07126(6)
a
Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.
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Ueq (Å2)a
0.0104(3)
0.0105(3)
0.0118(4)
0.0147(4)
0.0121(3)
0.0249(4)

Table 5.3. Selected Interatomic Distances (Å) and Bond Angles (°) of Ce2PdGa12
In Ce layer
Ce-Ga1(x4)
Ce-Ga4 (x2)
Ce-Ga3(x2)
Ce-Ga3(x2)
In PdGa6 Segment
Ga1-Ga3
Pd-Ga3(x8)

In Ga - only Segment
Ga2-Ga4
Ga4-Ga4

5.3

3.2034(5)
3.2286(11)
3.2781(9)
3.2805(9)

2.6278(8)
2.5550(8)
2.5518(8)

2.6180(9)
2.5305(14)

Results and Discussion
5.3.1

Crystal Structure

The structure of Ce2PdGa12 is isostructural to Sm2NiGa125 and is shown in Figure 5.1.
Single crystals of Ce2PdGa12 crystallize in the tetragonal space group, P4/nbm (No. 125), Z = 2.
The Ce, Pd, Ga1, Ga2, Ga3, and Ga4 atoms occupy the 4h, 2d, 4g, 8m, 8m and 4g sites,
respectively.
The structure can be viewed as Ce atoms residing in Ga cavities of a three-dimensional
network of [PdGa]. The [PdGa] subunit can then be further divided into PdGa6 segments and
Ga-only segments. Within the PdGa6 segment are slightly distorted PdGa8/2 rectangular prisms,
where the Pd atom is coordinated to eight Ga atoms: four Ga3 atoms with interatomic distances
of 2.5518(9) Å and four other Ga3 atoms by 2.5550(8) Å. These distances are typical of Pd-Ga
bonds in Pd5Ga3,6 PdGa5, Pd2Ga,7 and in CePdGa63 where the bonding distances range between
2.388 Å – 2.701 Å. In addition, the sum of the two covalent radii of Ga (1.22 Å) and Pd (1.37 Å)
is 2.59 Å is close to our experimental Pd - Ga distances of 2.5518(9) Å and 2.5550(8) Å.8 The
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Ga3˙˙˙Ga3 interatomic distance along the ab – plane is 3.0501(9) Å, too long to be considered a
bond according to the 1.22 Å van der Waal radius of Ga. This is similar to the PdGa2 layer in
CePdGa6 where Ga˙˙˙Ga interatomic distance is shorter along the c − axis (2.71039(15) Å) and
longer across the ab − plane (3.076(1) Å.)
To illustrate the striking resemblance between the two, the structure of CePdGa6 and the
structure of Ce2PdGa12 rotated by 45º with respect to the former compound are presented in
Figure 5.2. The unit cell of CePdGa6, which is shown as solid lines in Figure 5.2a, can be
viewed a primitive unit cell with Ce at the origin. Pd atoms bisect each of the edges along the
c − axis, and two Ga layers − a body Ga and a face-sharing Ga layer − separate the Ce and Pd
atoms. Figure 5.2b shows that there is a similar packing arrangement found in Ce2PdGa12. In
fact, Ce2PdGa12 can be viewed as CePdGa6 units (shown as solid lines) alternating with a Gaonly segment along the c-axis.
The Ga-only segment consists of two Ga layers - one layer of Ga2 and the other of Ga4.
The Ga2 sheet includes Ga2˙˙˙Ga2 contact distances ranging between 4.3176(3) – 6.1060(4) Å,
indicating that the Ga2 atoms are isolated from each other. The Ga4 atoms, however, are
separated by 2.5305(14) Å, similar to 2.442 Å, the bonding distance predicted by summing two
Ga covalent radii (1.22 Å).8 Ga4 atoms also form interatomic distances of 2.6181(9) Å with Ga2
atoms, falling within the range of 2.297 – 2.930 Å found in CeGa6,9 CeGa2,9 and PdGa5.7
Figure 5.3 shows the local Ce coordination of Ce2PdGa12. Using a Ce-Ga bonding cutoff
of ∼ 3.3 Å, the Ce atom is coordinated to 10 Ga atoms: 4 Ga1, 2 Ga2, and 4 Ga3, whereas a Ce
coordination of 8 was found in CePdGa6. All of these Ce-Ga distances are similar to Ce-Ga
bond distances found in the binary compounds, CeGa2 9 and CeGa6 9, which range between 3.252
Å – 3.299 Å.

Ce and Ga1 are separated by 3.3947(6) Å, which is greater than our cutoff, but
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may still be considered bonding.
The Ga1 and Ga3 atoms surrounding Ce can be viewed as two different layers, where the
Ga4 layer also serves as the face of the PdGa8/2 rectangular prisms. The Ga1 and Ga3 sheets
possess D4d symmetry with respect to each other. Although the Ga1˙˙˙Ga1 interatomic distance is
greater than 5 Å and indicates that intralayer Ga1 interactions are unlikely, the distance between
Ga1 and Ga3 layers of 2.6278(8) Å implies that there may be some weak interlayer interactions
The Ga1 and Ga3 layers are simultaneously capped by a Ce atom, forming square pyramids as
shown in Figure 3. Rare-earth atoms are often found as the cap of main group layers, such as in
CeNiSb3

3, 10

, (RE)In1-xSb2 (RE = La – Nd)

11

, (RE)MSb3 (M = V, Cr)

12

, and RESb2

13

. In

Ce2PdGa12, the Ga1 layer is capped by a Ce atom with an interatomic distance of 3.2034(5) Å.
Two of the Ce-Ga3 interatomic distances measures 3.2781(9) Å, and the other 2 Ce-Ga3
distances are 3.2805(9) Å, indicating a slightly distorted square pyramid. Trans to Ga4 and Ga1
atoms are Ga3 atoms. Each Ce atom is coordinated to two Ga4 atoms with an interatomic
distance of 3.2286(11) Å, subtending an angle of 57.28(4)°.
5.3.2

Specific Heat

As discussed in the synthesis section, we have found that CePdGa6 and Ce2PdGa12 can
coexist under similar growth conditions. We have now found that the previous report on the
specific heat and magnetism of CePdGa6 is actually due to the inclusion of Ce2PdGa12 in
CePdGa6 3. Single-phase samples were obtained once synthesis parameters were tuned.
Figure 5.4a shows the temperature dependence of the specific heat C/T for both
Ce2PdGa12 and CePdGa6. For Ce2PdGa12, a sudden jump at TN = 11 K and a small anomaly at 3
K are observed in the specific heat, while an antiferromagnetic transition at TN ~ 5.5K have been

63

Ce
Ga1
Ga-only
segment

Ga3

Ga2
PdGa6 segment

Pd
Ga4

Figure 5.1. The crystal structure of Ce2PdGa12 is shown with Ce as black-filled circles, Pd as
gray-filled circles, and Ga as white circles. The structure can be viewed as Ce
contained in Ga cavities alternating with Ga-only segments and PdGa6 segments.
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Figure 5.2. (a) CePdGa6 along the (010) direction and (b) Ce2PdGa12 wit5h a 45° rotation are
shown. Ce2PdGa12 can be viewed as unit cells of CePdGa6 alternating with Ga3 and
Ga4 sheets along the c – axis. Blue-filled circles represent Ce atoms, orange-filled
circles represent Pd atoms, and green-filled circles represent Ga atoms. The solid and
dashed lines represent the unit cell of CePdGa6 and Ce2PdGa12, respectively.
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Ga3

3.2286(11) Å

3.2034(5) Å
Ga2
3.2781(9) Å
Ga4
Figure 5.3. The local Ce environment is shown. Ce, represented by blue circles, caps two Ga
square pyramids simultaneously. The dashed lines serve as a guide for the eye.
observed for CePdGa6. The f-electron contribution to the specific heat, Cm/T, is obtained by
subtracting C/T of La2PdGa12. After subtracting the La-analogue, the data shows electronic
specific heat coefficient γ is almost constant with ~ 140 mJ/mol K2 at T > TN for Ce2PdGa12,
smaller than γ (∼ 230- 400 mJ/mol K2) for CePdGa6.
Figure 5.4b shows the corresponding entropies for the f-electron contribution of
Ce2PdGa12 and CePdGa6. The entropy (S) released at around TN is about 6000 (mJ/mole-K) for
Ce2PdGa12, while it is around 5000 (mJ/mole-K) for CePdGa6. These values are roughly close to
Rln2 (~5800 mJ/mole-K), which represents the doubly degenerate ground state in the
paramagnetic regime. In addition, the suppressed entropy in CePdGa6 could be due to a larger
Kondo effect with higher γ value, showing that overall, the Kondo coupling is stronger in
CePdGa6 than in Ce2PdGa12.
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Figure 5.4. The (a) specific heat and (b) entropy of Ce2PdGa12 and CePdGa6 as a function of T
are shown as solid circles and triangles, respectively. The lines guide the eye.
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5.3.3

Magnetism

Figure 5.5 presents temperature dependence of susceptibility χ for both compounds along
the ab − plane and c − axis of Ce2PdGa12. In CePdGa6, data for both orientations follow CurieWeiss behavior above 11 K with µeff = 2.48µB (ab − plane) and 2.45 µB (c − axis), and Weiss
temperatures (ΘW) of -12.9 K (ab − plane) and -1.17 K (c − axis) for temperatures above 100 K.
In Ce2PdGa12, µeff 2.64 µB (ab − plane) and 2.74 µB (c−axis), showing slight deviations from the
expected Ce J = 5/2 local moment, µeff = 2.54 µB. Weiss temperatures are +21.78 K (ab – plane)
and +9.72 (c – axis). In Ce2PdGa12, there is a cusp in the c − axis component of χ that reaches a
local maximum at 11 K, which is indicative of an antiferromagnetic transition. When the field is
applied along the ab − plane, however, different magnetic behavior is observed.

The

susceptibilty curve rapidly increases as temperature decreases, and both results for the fieldcooled and zero-field cooled measurements along the ab − plane show similar behavior. This
suggests that a ferromagnetic ordering appears at low temperatures, possibly at 3 K where the
anomalous peak in the Cp/T plot is observed. This strong anisotropy is most likely due to an
antiferromagnetic transition at 11 K with canting of the spins, creating a net ferromagnetic
component along the ab – plane. The susceptibility of La2PdGa12 (not shown) shows nonmagnetic behavior (χ = -10−4 emu/mol at 273 K), indicating that the magnetic moments result
only from the Ce f-electron, not from Pd d-electrons.

Single-crystal neutron diffraction

experiments are in progress to determine if CePdGa6 and Ce2PdGa12 share very similar magnetic
structures.
The M vs. B plot of a single crystal of Ce2PdGa12 with the c − axis and ab − plane
oriented parallel to the field is shown in Figure 5.6. When the crystallographic c − axis is
oriented parallel to B, the magnetization increases steadily with field up to 3 T where M rapidly
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increases, indicating a metamagnetic transition most likely due to a spin-flip transition along the
c − axis from an antiferromagnetic to a ferromagnetic state. Along the crystallographic ab −
plane, the M increases rapidly up to B = 1 T and reaches the value ∼ 0.2 µB at 5 T. A small
hysteresis is observed below 0.1 T at 2 K, indicating the system has a ferromagnetic component
in the ab-plane.
5.4.

Structure-Property Relationships
Two distinct Ce···Ce distances describe the structure: Ce···Ce distances along the ab –

plane (Ce···Ce)ab and c – axis (Ce···Ce)c for Ce2PdGa12. In addition, Ce atoms separate PdGa8/2
and Ga-only segments that stack along the c − axis, forming two distinct (Ce˙˙˙Ce)c distances
along the c- axis. In CePdGa6, the Ce···Ce interatomic distances are 4.350(3) Å in the ab − plane
and 7.922(6) Å along the c − axis. Thus, one would expect the magnetic correlations in the ab
− plane to be stronger than those along the c − axis. The (Ce˙˙˙Ce)ab interatomic spacing in
Ce2PdGa12 is 4.318(6) Å and (Ce˙˙˙Ce)c distances measure 7.664(5) Å and 7.882(6) Å.
Coupled with the comparable crystal structures, the similar Ce˙˙Ce distances found in
both compounds is likely the origin of the similar overall physical properties in CePdGa6 and
Ce2PdGa12, that is, an antiferromagnetic ground state and metamagnetic transition under a field
applied along the caxis. On the other hand, there is still some difference between the two. The higher AF ordering
temperature along with the smaller γ for Ce2PdGa12 may result from the difference in the
hybridization strength compared to that of CePdGa6 as well as the number of Pd in the unit cell.
Since the Ce˙˙˙Ce distances are longer than the Hill limit, Ce f-moments interact through RKKY
(Rudermann-Kittel-Kasuya-Yosida) interactions by hybridization with conduction electrons of
surrounding Ga atoms, leading the system to an AF ordered state. The hybridization also induces
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the Kondo effect that should suppress the AF order by competing with RKKY interactions.
Reduced entropy (S ~ 5000 mJ/mole-K) at TN in CePdGa6, suggests that the Kondo effect is more
pronounced in CePdGa6, suppressing TN further in comparison with Ce2PdGa12. The increased
coordination environment of Ce in Ce2PdGa12 may result in more Ce-Ga hybridization in
Ce2PdGa12, stabilizing the magnetic order, since both Kondo effect and RKKY interactions
depend closely on the hybridization between localized moments and conduction electrons. It is
also likely that the Pd atoms affect the magnetic properties by providing carriers to the systems.
Ce2PdGa12 has one less Pd atom than CePd2Ga6 (obtained by doubling the chemical formula of
CePdGa6). In the RKKY interaction scheme, it is expected that TN is dependent upon the number
of carriers, hence, RKKY is favored in Ce2PdGa12, and TN (Ce2PdGa12) > TN (CePdGa6). The
favored RKKY mechanism may also cause the weak ferromagnetism along the ab − plane in
Ce2PdGa12.
5.5

Conclusion
We have synthesized the new layered heavy-fermion compound Ce2PdGa12 that has a

structure closely related to CePdGa6. Our magnetic and thermal measurements have revealed
double magnetic transitions.

An antiferromagnetic transition occurs at 11 K, while a

ferromagnetic component in the ab − plane appears by means of a second transition at ~ 5 K.
This metamagnetic transition is most likely due to a spin flop. Comparing the structures and
magnetic behavior with those for CePdGa6, we argue that the more localized f-electron state of
Ce2PdGa12 is affected possibly by more Ga-layers and that the carrier density is changed by the
lack of Pd atoms. It would be interesting to further study the effects of layering and Pd carriers
by synthesizing a compound such as Ce3PdGa36. This insertion of Ga layers between each
'CePdGa6 layer' may allow us to tune the transition temperature further.
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Figure 5.5. Magnetic susceptibility as a function of temperature of CePdGa6 (blue symbols)
and Ce2PdGa12 (green symbols) are remarkably similar. The closed and open
symbols represent FC and ZFC measurements. For both compounds, diamonds
represent data for H // crystallographic c – axis, and circles represent data for the
crystallographic ab – plane parallel to H.
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1

6.1

CHAPTER 6. STRUCTURE AND ELECTRICAL RESISTIVITY OF CeNiSb3

Introduction
Rare-earth antimonides, particularly multinary phases containing transition metals, have

elicited intense interest because of their important physical properties and unusual bonding.
Colossal magnetoresistance has been identified in Eu14MnSb11,1 and relatively simple binary
antimonides, such as CeSb2 and LaSb2, have remarkably complex and highly anisotropic
magnetic and magnetoresistance properties.2 Pronounced f-p and f-d hybridization is believed to
mediate magnetic exchange mechanisms in phases such as UMSb2 (M = Fe, Co, Ni, Cu, Ru, Pd,
Ag, Au)3 and CeNiSb.4 Itinerant electron ferromagnetism has been found in LaCrSb3 and related
phases.5
An emerging feature in the structural chemistry of antimonides is the role of Sb–Sb bonds
of variable strength in the formation of diverse anionic substructures such as discrete pairs (e.g.,
in Yb5In2Sb6),6 one-dimensional chains and ribbons (e.g., in La13Ga8Sb21 and Pr12Ga4Sb23),7, 8
and most pertinent to the present work, square nets (e.g., in LaSn0.7Sb2).8 These square nets
appear frequently not only in antimonides, but also in other heavier pnictides, chalcogenides, and
tetrelides. Application of the Zintl concept and other theoretical considerations suggest that a
stable electron count for such square nets is six electrons per atom.9 However, a ∞2 [Sb]1– net is
prone to distortion, and the resulting changes in the electronic structure affect the electrical and
magnetic properties.
Herein we report the synthesis, structure, and electrical resistivity of CeNiSb3.

1

Its

Reprinted from J. Solid State Chem., 166, Macaluso, R. T.; Wells, D. M.; Sykora, R.E.; Albrecht-Schmitt, T. E;
Mar, A.; Nakatsuji, S.; Lee, H. O., Fisk, Z.; Chan, J. Y., Structure and Electrical Resistivity of CeNiSb3, 293,
Copyright (2004), with permission from Elsevier
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structure is related to that of REVSb3 and RECrSb310, 11 but with more varied Sb–Sb bonding
interactions.
6.2

Experimental
6.2.1

Syntheses

CeNiSb3 can be synthesized by two methods, both of which are discussed. The single
crystal used for X-ray diffraction experiments was isolated from the reaction of Ce (99.9%, AlfaAesar), NiSb (99.5%, Alfa-Aesar), and Sb (99.5%, Alfa-Aesar) which were loaded in a fusedsilica tube in a molar ratio of 1:2:5. The tube was sealed under vacuum and heated at 1123 K for
7 d followed by annealing at 873 K for 5 d. The tube was then cooled at 0.5 K/min to room
temperature. The product consisted of excess Sb, black needles of NiSb2, and black tablets of
CeNiSb3. Crystals of CeNiSb3 up to 1 mm in length and uncontaminated with NiSb2 could be
isolated from the reaction of Ce, NiSb, and Sb in a 1:1:2 ratio under the same heating conditions
but with the cooling rate reduced to 0.25 K/min.
Large, high-quality single crystals of CeNiSb3 were also synthesized by a flux growth
method. Ce ingot (99.95%, Ames Laboratory), Ni (99.995%, Alfa-Aesar), and Sb (99.9999%,
Alfa-Aesar) were placed in an alumina crucible in a 1:2:20 ratio. The crucible and its contents
were sealed in an evacuated fused-silica tube. The entire reaction vessel was heated to 1373 K
where the temperature was maintained for 2 hrs and then cooled to 943 K at 278 K/hr, at which
point excess Sb flux was separated by centrifugation. Plate-like crystals with dimensions up to 2
× 2 × 1 mm3 were mechanically separated from the alumina crucible for analysis. The crystals
are stable in air and do not degrade noticeably.
Semi-quantitative SEM/EDX analysis was performed on crystals of CeNiSb3 with use of
a JEOL 840/Link Isis instrument. Ce, Ni, and Sb percentages were calibrated against standards
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and a Ce:Ni:Sb ratio of 1:1:3 was found.
6.2.2

Single Crystal X-Ray Diffraction

A tabular crystal of CeNiSb3 with dimensions of 0.112 × 0.020 × 0.048 mm and faces
indexed as {100}, {010}, and {001} was mounted on a glass fiber with epoxy and aligned on a
Bruker SMART APEX CCD X-ray diffractometer. Data were collected at 193 K with use of
graphite monochromated Mo Kα radiation from a sealed tube equipped with a monocapillary
collimator. SMART was used for preliminary determination of the cell constants and data
collection control.

Intensities were collected by a combination of three sets of exposures

(frames). Each set had a different φ angle for the crystal and each exposure covered a range of
0.3° in ω. A total of 1800 frames were collected with an exposure time per frame of 30 s.
Data were processed with the Bruker SAINT (v. 6.02) software package using a narrowframe integration algorithm.
applied using XPREP

12

A face-indexed analytical absorption correction was initially

. Individual shells of unmerged data were corrected analytically and

exported in the same format. These files were subsequently treated with a semi-empirical
absorption correction by SADABS.13 The program suite SHELXTL (v. 5.1) was used for space
group determination (XPREP), direct methods structure solution (XS), and least-squares
refinement (XL).12 The final refinements included anisotropic displacement parameters for all
atoms and a secondary extinction parameter. Crystallographic details are listed in Table 6.1.
Atomic positions and displacement parameters are listed in Table 6.2, and interatomic distances
are listed in Table 3. Further details of the crystal structure investigation may be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany (Fax:
(+49)7247-808-666; E-mail: crysdata@fiz-karlsruhe.de) on quoting the depository number CSD39122.
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6.2.3

Electrical Resistivity

The electrical resistivity of a single crystal of CeNiSb3 along the crystallographic b axis
was measured by standard four-probe ac methods between 300 and 0.4 K using a Quantum
Design PPMS instrument. Measurement on another crystal of similar dimensions confirmed that
the results were reproducible.
Table 6.1. Crystallographic Parameters of CeNiSb3
Formula mass (amu)
Space group
a (Å)
b (Å)
c (Å)
V (Å3)
Z
T (K)
ρcalcd (g cm–3)
Crystal dimensions (mm)
Radiation
µ(Mo Kα) (cm–1)
Transmission factors
2θ limits
Data collected
No. of data collected
No. of unique data, including Fo2 < 0
No. of unique data, with Fo2 > 2σ(Fo2)
No. of variables
R(F) for Fo2 > 2σ(Fo2) a
Rw(Fo2) b
Goodness of fit
(∆ρ)max, (∆ρ)min (e Å–3)
a
R( F ) = ∑ Fo − Fc ∑ Fo .
b

(

564.08
Pbcm (No. 57)
12.6340(7)
6.2037(3)
18.3698(9)
1439.78(13)
12
193
7.807
0.112 × 0.048 × 0.020
Graphite monochromated Mo Kα, λ = 0.71073 Å
296.1
0.0362–0.5562
3.22° ≤ 2θ(Mo Kα) ≤ 56.54°
–16 ≤ h ≤ 16, –8 ≤ k ≤ 8, –24 ≤ l ≤ 24
13873
1845 (Rint = 0.0364)
1730
75
0.0188
0.0433
1.111
1.109, –1.123

) ∑ wF

Rw ( Fo2 ) = [∑ [ w Fo2 − Fc2 ]
2

4 1/ 2
o

]

; w −1 = [σ 2 ( Fo2 ) + (0.0163 p) 2 + 4.4358 p ]

where p = [max(Fo2 ,0) + 2 Fc2 ] / 3 .
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Table 6.2. Atomic Positions and Displacement Parameters in CeNiSb3

Atom

x

y

z

Uiso

Ce1

4d

0.30554(3)

0.94300(6)

1/4

0.00707(9)

Ce2

8e

0.29911(12)

0.47384(4)

0.416578(13)

0.00707(7)

Ni1

4c

0.89884(7)

1/4

1/2

0.00789(17)

Ni2

8e

0.90223(5)

0.67164(10)

0.67590(5)

0.00961(13)

Sb1

4d

0.21934(3)

0.44721(7)

1/4

0.00807(8)

Sb2

8e

0.49648(2)

0.20701(5)

0.334051(16)

0.00790(10)

Sb3

4c

0.50405(3)

1/4

1/2

0.00826(10)

Sb4

8e

0.22356(3)

0.52537(5)

0.584227(16)

0.00759(8)

Sb5

4d

0.05847(3)

0.81154(7)

1/4

0.00785(8)

Sb6

8e

0.97387(3)

0.54305(5)

0.586595(16)

0.00776(10)
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Table 6.3. Selected Bond Distances and Interactions (Å) in CeNiSb3

Ce1–Sb1

3.2838(4)

Ce2–Sb1

3.3256(4)

Ce1–Sb1’

3.2838(5)

Ce2–Sb1’

3.3550(4)

Ce1–Sb1’(× 2)

3.2994(4)

Ce2–Sb2

3.2260(3)

Ce1–Sb2

3.3122(6)

Ce2–Sb3

3.3137(4)

Ce1–Sb2’

3.2629(6)

Ce2–Sb3’

3.3864(4)

Ce1–Sb4 (× 2)

3.2225(3)

Ce2–Sb4

3.2400(4)

Ce1–Sb6

3.2262(6)

Ce2–Sb4’

3.2408(4)

Ce1–Ni2 (× 2)

3.2793(7)

Ce2–Sb4’

3.2501(4)

Ce2–Sb5

3.4509(4)

Ce2–Ni1

3.3921(7)

Ni1–Sb4

2.5899(6)

Ni2–Sb2

2.6708(7)

Ni1–Sb4’

2.5899(6)

Ni2–Sb4

2.6186(7)

Ni1–Sb5

2.5973(4)

Ni2–Sb5

2.5778(7)

Ni1–Sb5’

2.5973(4)

Ni2–Sb5’

2.6301(7)

Ni1–Sb5’

2.6049(6)

Ni2–Sb6

2.5498(7)

Ni1–Sb5’

2.6049(6)

Ni2–Sb6’

2.6624(7)

Ni2–Ni2

2.7214(12)
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Table 6.4. Selected Sb–Sb Bond Distances and Interactions (Å) for CeNiSb3

Sb1–Sb1’

3.0880(6)

Sb4–Sb5

3.1568(5)

Sb1’–Sb1’ (× 2)

3.10312(15)

Sb5–Sb5

3.17135(19)

Sb1–Sb3

3.0616(3)

Sb5–Sb5’

3.1714(2)

Sb2–Sb6

3.0395(6)

Sb5–Sb5’

3.2929(6)

Sb3–Sb3’

3.10354(15)

Sb5–Sb6

3.3116(4)

Sb3–Sb3’

3.10354(16)

Sb6–Sb5 (× 2)

3.3116(4)

6.3

Results and Discussion

6.3.1 Crystal Structure
CeNiSb3 crystallizes in a new structure type. As shown in Figure 6.1, the structure can
be viewed as being built up by inserting Ce atoms between a layer of condensed Ni-centred
octahedra, ∞2 [NiSb2], and a buckled, nearly square net, ∞2 [Sb]. There are also additional Sb–Sb
interactions within the ∞2 [NiSb2] layer.
Each of the two crystallographically inequivalent Ce atoms is nine-coordinate and adopts
a monocapped square antiprismatic geometry, in which four Sb atoms in the ∞2 [Sb] net form a
square base, four Sb atoms in the ∞2 [NiSb2] layer form a larger square twisted 45° relative to the
first, and one Sb atom caps this larger square (Fig. 6.1). The Ce atoms are located above and
below the ∞2 [Sb] square net in a “checkerboard” pattern. The Ce1–Sb distances of 3.2225(3)–
3.3112(6) Å and the Ce2–Sb distances of 3.2260(3)–3.4509(4) Å are comparable to those in
CeCrSb3 (3.259(1)–3.334(1) Å) where the Ce atoms have a similar coordination geometry.10
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Ce2

Ce1

Sb1
Sb6

a

Ni2

Sb3

Sb2

Sb4

Ni1

Sb5

c

Figure. 6.1.

View down the b axis of CeNiSb3 with the unit cell outlined. The large
shaded circles are Ce atoms, the small solid circles are Ni atoms, and the
medium open circles are Sb atoms. The coordination around the two
crystallographically inequivalent Ce atoms is shown by dashed lines. The
short 2.7214(12) Å distances between pairs of Ni2 atoms across the shared
face of octahedra are indicated by horizontal dashed lines.

The ∞2 [NiSb2] layer contains two kinds of Ni-centred octahedra, Ni1(Sb4)2/2(Sb5)4/4 and
Ni2(Sb2)1/2(Sb4)1/2(Sb5)2/4(Sb6)2/4, that share edges in the b direction and both edges and faces
in the c direction. The Ni1–Sb distances of 2.5899(6)–2.6049(6) Å and the Ni2–Sb distances of
2.5498(7)–2.6708(7) Å are similar to the average Ni–Sb distance of 2.608 Å in NiSb (NiAs-type)
where octahedrally coordinated Ni is also found.14, 15 These octahedra are highly distorted, with
Sb–Ni–Sb angles as acute as 136.89(4)° and 146.72(3)° subtending trans Sb atoms about the Ni1
and Ni2 atoms, respectively. Associated with this distortion is the occurrence of a short Ni2–Ni2
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distance of 2.7214(12) Å within a pair of face-sharing octahedra (dashed horizontal lines in Fig.
6.1).
The ∞2 [Sb] net is formed by four-bonded Sb1 and Sb3 atoms (Fig. 6.2a). Whereas the Sb
atoms are spaced regularly along the b direction (Sb1–Sb1, 3.1031(2) Å; Sb3–Sb3, 3.1035(2) Å),
there are small distortions along the c direction (Sb1–Sb3, 3.0616(3) Å; Sb1–Sb1, 3.0880(6) Å).
There is a slight buckling of the ∞2 [Sb] net so that the Sb1 and Sb3 atoms are displaced above or
below the mean plane by ~ 0.05 Å. The net is not strictly square, with Sb–Sb–Sb angles ranging
from 84.95(1)° to 94.94(1)°.
Extensive Sb–Sb interactions also pervade the ∞2 [NiSb2] layer, with distances ranging
from 3.0395(6) to 3.4358(6) Å (Fig. 6.2b). This Sb substructure can be roughly described as a
three-layer stacking of 44 nets. The two peripheral nets (made up of Sb2 and Sb4 atoms) are half
as dense as and rotated by 45° to the intervening net made up of Sb5 and Sb6 atoms. If an
arbitrary cutoff of 3.2 Å is used, Sb2–Sb6 pairs (3.0395(6) Å) and one-dimensional bands of Sb4
and Sb5 atoms (Sb4–Sb5, 3.1568(5) Å; Sb5–Sb5, 3.1714(2) Å) become evident.
6.3.2 Structural Relationships
In previously known Ce–Ni–Sb phases, the Ni atoms are in trigonal planar (CN3 in
CeNiSb (ZrBeSi-type)), tetrahedral (CN4 in CeNiSb2 (ZrCuSi2-type) and CeNi2–xSb2
(CaBe2Ge2-type)), or square pyramidal (CN5 in CeNi2–xSb2 (CaBe2Ge2-type)) coordination 15-17.
In contrast, the Ni atoms are in octahedral coordination (CN6) in CeNiSb3. The structures of
CeNiSb3 and CeNiSb2 are related in that the layers of Ni-centred octahedra ∞2 [NiSb2] in
CeNiSb3 are replaced by layers of Ni-centred tetrahedra ∞2 [NiSb] in CeNiSb2,16 with
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Figure. 6.2.

Sb–Sb interactions within (a) the ∞2 [Sb] square net and (b) the ∞2 [NiSb2]
layer (with Ni atoms omitted), both extending infinitely parallel to the bc
plane. Distances are in Å and have standard uncertainties less than 0.001
Å. In (b), atoms with thicker rims are closer to the viewer.
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the ternary rare-earth antimonides REVSb3 and RECrSb3 (for concreteness, CeCrSb3 is shown in
Fig. 6.3a) 5, 10, 11. In CeCrSb3, chains of face-sharing metal-centred octahedra extend along the c
direction; these chains are connected by edge-sharing in the b direction to form a ∞2 [CrSb2] layer
parallel to the bc plane (Fig. 6.3a). In CeNiSb3, every third metal-centred octahedron in the
chains extending along the c direction is connected by edge-sharing instead of face-sharing (Fig.
6.3b). The stacking sequence of the Sb atoms along the c direction is AB in CeCrSb3 and
ABACBC in CeNiSb3, or in Jagodzinski notation, h and hcc, respectively. CeNiSb3 crystallizes
in the same space group (Pbcm) as CeCrSb3, but its c parameter is tripled, reflecting the more
complicated stacking sequence.
6.3.3 Bonding
Interpretation of the bonding in CeNiSb3 is complicated by the possibility of mixed +3/+4
valency on the Ce atoms, by the pairing of Ni atoms across the shared face of the octahedra, and
by the rich variety of Sb–Sb interactions within the Sb substructure. The similarity of Ce–Sb
distances in CeNiSb3 to those in CeCrSb3 argues for Ce3+, and it is reasonable to assume that the
Ce atoms participate, to a first approximation, in ionic interactions with the other atoms in the
structure. The Ni2–Ni2 distance of 2.7214(12) Å is slightly longer than the analogous distance
of ~ 2.560 Å found in NiSb,14,

18

where metal-metal bonding has long been known to be

important in stabilizing its structure.19 Magnetic measurements might also clarify the oxidation
state of the Ni atoms, but the assumption of localized moments is highly suspect given the
observation of itinerant electron ferromagnetism in the related series of compounds RECrSb3.5
In the absence of additional experimental data, the Sb substructure can be analyzed as a starting
point.
The Sb–Sb distances in CeNiSb3 (3.0395(6)–3.4358(6) Å) are longer than the intralayer
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(a) CeCrSb3
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(b) CeNiSb3

Figure. 6.3.

Comparison of the structures of (a) CeCrSb3 and (b) CeNiSb3, both in
space group Pbcm. The structures differ in the stacking sequence of
metal-centred octahedra along the c direction. Face-sharing octahedra are
shaded.
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distance (2.908 Å) and comparable to the interlayer distance (3.355 Å) found in elemental Sb.20
The four-bonded Sb atoms within the ∞2 [Sb] square net can be assigned oxidation numbers of –
1, if the Sb–Sb interactions are considered to be one-electron bonds and two lone pairs are
localized on each atom so that an octet is attained. For the Sb atoms within the ∞2 [NiSb2] layer,
however, the assumption of integral oxidation numbers breaks down. An elegant way, proposed
by Jeitschko et al., to enumerate electrons within such complex Sb substructures is to apply a
bond valence calculation to derive formal charges on these Sb atoms.21 When bond orders are
calculated from the equation νij = exp[(2.80–dij)/0.37] (where dij is in Å), the formal charges of
the Sb atoms in CeNiSb3 are found to be –1.2 on Sb1, –2.5 on Sb2, –1.1 on Sb3, –2.6 on Sb4, –
1.4 on Sb5, and –1.6 on Sb6. The charges on Sb1 and Sb3 are consistent with those in the simple
model of one-electron bonds in a ∞2 [Sb] square net (Fig. 6.2a). The one-bonded Sb2 and Sb4
atoms (Fig. 6.2b) carry the most negative charges, whereas the Sb5 and Sb6 atoms have
intermediate charges between these extremes. If these formal charges are rounded off to the
nearest half-integer, and when the multiplicity of atomic sites is taken into account, the total
negative charge of approximately –60 on the Sb atoms within a unit cell can be compensated by
assuming +3 charges on the Ce atoms and +2 charges on the Ni atoms: (Ce3+)12(Ni2+)12(Sb36)60–
or Ce3+Ni2+(Sb3)5–. It is important to appreciate that the true charges are not likely to be as
extreme as implied by these formulations. The caveat of assuming a localized electron model
has already been mentioned, and significant covalent character is expected in the Ni–Sb and
perhaps even the Ce–Sb bonds. It would be interesting to perform a band structure calculation to
understand the bonding in more detail.
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6.3.4 Electrical Resistivity
Figure 6.4 shows the temperature dependence of the electrical resistivity of a single
crystal of CeNiSb3 along the b axis. Metallic behavior is observed with a prominent curvature in
the plot, which exhibits a minimum near 25 K, followed by a steep decrease at 6 K. This
behavior is typical of magnetically ordered Kondo lattices with a localized f moment weakly
coupled to the conduction bands. The resistivity plot bears a striking resemblance to that of
CeSn0.7Sb2, a ferromagnetic layered antimonide with a similar arrangement of Ce atoms and Ce–
Ce distances as in CeNiSb3. It is likely that the transitions in the resistivity curve can be
attributed to the Ce moments. Further experiments to measure the magnetic and transport
properties would be helpful in clarifying the electronic structure of CeNiSb3.
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Figure 6.4.

Electrical resistivity of CeNiSb3 between 0.6 and 300 K along the b axis.
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1

AI.1

APPENDIX I.

STRUCTURE AND MAGNETISM OF Ce5Pb3O

Introduction
Cerium intermetallics exhibit a wide variety of interesting ground states, ranging from

magnetically ordered and superconducting with unconventional pairing to valence fluctuating
and ‘Kondo insulator’ behavior. Crystal structures in which these materials form can influence
the ground state configuration. Of those Ce-based compounds that order magnetically, the vast
majority order antiferromagnetically, with almost all of these ordering below 10 K. Unlike the
antiferromagnets, only a dozen or so Ce compounds order ferromagnetically. This rare class of
materials includes several ternary Ce-T-X compounds where T = transition metal and X = maingroup element. Some examples include CeAuGe,1 CeRu2Ge2,2 CeRhSn2,3 CePdSb,4 CeNiIn2,5
and CeAgSb2,6, 7 which possess ordering temperatures ranging between 3.4 - 10 K. A notable
exception is the boride compound, CeRh3B2 that orders ferromagnetically at Tc = 115 K, which
is by far the highest ordering temperature of any Ce compound.8 Unlike the Ce-T-X compounds
previously mentioned, the magnetism in CeRh3B2 is not due to the 4f electron of Ce. Instead an
anomalous unit cell volume indicates that Ce is in a mixed 3+/4+ state, and the authors suggest
that it is the 4d electrons of Rh that mediate the ferromagnetic properties. Another possible
exception is CeScGe, in which Ce moments may order ferromagnetically at 46 K;9 although,
some experiments suggest that this transition is due to an antiferromagnetic state.10
In our search for novel Ce-containing intermetallic compounds, we have discovered
Ce5Pb3O. Magnetic measurements reveal that this compound orders ferrimagnetically below TC

1

Reprinted from Macaluso, R. T.; Fisk, Z.; Moreno, N. O.; Thompson, J. D.; Chan, J. Y., Chem. Mater. 2004, 16,
1560. Copyright 2004 American Chemical Society.
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= 46 K, which to the best of our knowledge, is the second-highest ordering temperature for any
Ce-containing compound.
AI.2

Experimental
AI.2.1 Synthesis
Ce5Pb3O was synthesized by the flux growth method. Our original intent was to grow

single crystals of a ternary compound containing Ce, Co, and Pb.

Ce (99.999%, Ames

Laboratory), Co (99.998%, Alfa Aesar), and Pb (99.9999%, Alfa Aesar) were placed in an
alumina crucible with ratio of 5:1:20. The crucible and its contents were then sealed into an
evacuated quartz tube and heated in a furnace at 1175°C for 4 hours. After cooling to 850 °C,
the tube was removed from the furnace, inverted and centrifuged. Large black rectangular
crystals were mechanically separated from the crucible. Typical crystal size was approximately 8
x 0.5 x 0.6 mm3.
It is of interest to note that although Co was included in the initial mixture, no Co was
found in the single crystals. Flux growth using 5 mol Ce: 3 mol Pb or 5 mol Ce: 20 mol Pb and
the same temperature profile as described above fails to yield Ce5Pb3O, at least in significant
amounts according to X-ray powder diffraction. In addition, the synthesis procedure with the
inclusion of Co has been performed on several occasions, and single crystals of Ce5Pb3O are
obtained each time.
AI.2.2 Single-Crystal X-Ray Diffraction
Fragments of the crystals obtained from the reaction described above were mounted onto
the goniometer of a Nonius Kappa CCD diffractometer equipped with Mo Kα radiation (λ =
0.71073 Å). Data were collected up to θ = 30° at 293 K. Further crystallographic parameters are
provided in Table A.1. The structural model was initially determined from a direct methods

90

solution using SHELXS-97 and refined using SHELXL97.11 Because the lattice parameters
were very similar to those of La5Pb3O,12 the structure was refined using La5Pb3O as an initial
structural model. After refining with isotropic displacement parameters, an electron density peak
of ∼11 e/Å3 was found at the 4b site, indicating the presence of a small atom. Refining the data
with partial occupancy of Co on the 4b site led to a poor structural model with the isotropic
displacement parameter, Uiso, being too large (Uiso = 0.354); however, refinement of the data
with O on the 4b site resulted in R1 = 3.36%. Refining the anisotropic displacement parameters
and extinction led to R1 = 3.01%. All of the anisotropic displacement parameters were wellbehaved except for that of the Ce1 atom located at the 4c site. The U33 (= 0.0351(9)) of Ce1 was
larger than U11 = U22 (= 0.0097(4)) by a factor of 3.6. Additional diffraction experiments on
several fragments from different synthesis attempts are in agreement.
Cobalt was not detected with EDX analysis.

Atomic positions and displacement

parameters are provided in Table A.2, and selected interatomic distances and bond angles are
given in Table A.3. either sweeping the temperature with a fixed magnetic field of 1 kOe or
sweeping field at constant temperatures of 5 and 30 K. For these measurements, the crystal was
mounted on a weakly diamagnetic holder whose magnetic contribution, determined
independently, was subtracted to obtain the sample response. This sample holder allowed the
crystallographic c-axis of the sample to be aligned parallel or perpendicular to the applied
magnetic field to within approximately ±5º.
AI.2.3 Physical Property Measurements
Magnetic measurements were made using a Quantum Design SQUID (Superconducting
Quantum Interference Device) magnetometer by zero-field cooling the sample to 5 K and then
either sweeping the temperature with a fixed magnetic field of 1 kOe or sweeping field at

91

constant temperatures of 5 and 30 K. For these measurements, the crystal was mounted on a
weakly diamagnetic holder whose magnetic contribution, determined independently, was
subtracted to obtain the sample response.
Table AI.1. Crystallographic Parameters of Ce5Pb3O
Crystal Data
a (Å)
c (Å)
V (Å3)
Z
Crystal Dimension (mm3)
Temperature (°C)
Crystal System
Space Group
θ range(°)
µ (mm-1)

8.5870(2)
14.3870(5)
1060.85(5)
4
0.03 x 0.05 x 0.08
25
Tetragonal
I4/mcm
2.55 - 30.03
68.335

Data Collection
Measured reflections
Independent reflections
Reflections with I >2σ(I)
Rint
h
k
l

1296
446
431
0.0346
-12 → 12
-8 → 8
-20 → 16

Refinement
0.0301
R1 [F2 > 2σ (F2)]
2
wR(F )
0.1034
Reflections
446
Parameters
17
-3
3.007
∆ρmax (e Å )
-3
-3.143
∆ρmin (e Å )
Extinction coefficient
0.00044(9)
0.023, 0.129
Tmin, Tmax
a
b
R1 = ∑||Fo| - |Fc||/∑|Fo| wR2 = ∑[w(Fo2 – Fc2)]/ ∑[w(Fo2)2]1/2
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Table AI.2. Atomic Positions and Displacement Parameters of Ce5Pb3O
Atom

x

y

z

Ueq (Å2)a

Ce1

4c

0

0

0

0.0181(4)

Ce2

16l

0.65306(5)

0.15306(5)

0.15052(6)

0.0120(3)

Pb1

4a

0

0

1/4

0.0126(3)

Pb2

8h

0.85631(5)

0.35631(5)

0

0.0114(3)

O

4b

1/2

0

1/4

0.014(3)

a

Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.

Table AI.3. Select Interatomic Distances (Å) and Bond Angles (°) for Ce5Pb3O
In CePb6 octahedra
Ce1 - Pb2 (x4)
Ce1 - Pb1 (x2)

3.2991(2)
3.59675(13)

Pb2 - Ce1 - Pb2
Pb1 - Ce1 - Pb1

90.0
180.0

2.3459(8)
3.8864(15)
3.7174(13)

Ce2 - O - Ce2

104.80(4)
111.85(2)

3.5569(4)
3.3449(8)
3.9105(5)

Pb2 - Ce2 - Pb2
Pb1 - Ce2 - Pb2
Pb1 - Ce2 - Pb2

89.47(2)
89.952(10)
90.949(13)

3.2837(9)
3.3449(8)

Pb1 - Ce2 - O
Ce2 - Pb2 - Ce2

90.956
88.01(2)

In Ce4 tetrahedra
Ce2 - O (x4)
Ce2 - Ce2 (x4)
Ce2 - Ce2 (x2)
Between Ce4 tetrahedra
Ce2 - Pb1(x2)
Ce2 - Pb2 (x3)
Ce2 - Ce1 (x4)
Pb2 trigonal antiprism
Ce2 - Pb2 (x4)
Ce2 - Pb2 (x2)

AI.3

Results and Discussion
AI.3.1 Crystal Structure
The structure of Ce5Pb3O is shown in Figure AI.1. The isostructural La5Pb3O was first

discovered as an impurity in the synthesis of La5Pb3Mn.12 Ce5Pb3O crystallizes in the tetragonal
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I4/mcm space group with Ce1, Ce2, Pb1, and Pb2 occupying the 4c, 16l, 4a, and 8h sites,
respectively, and oxygen occupies the interstitial 4b site. Lattice parameters have been
determined to be a = b = 8.5870(2) Å and c = 14.3870(5) Å. Ce5Pb3O is an interstitial derivative
of Ce5Pb3, which forms in the hexagonal Mn5Si3 structure type.13 Other compounds such as
La5Ge3,14 La5Pb3,15,

16

and Zr5Sb316 have also been shown to host a wide range of interstitial

atoms, such as N, O, P, and Zn.
Ce5Pb3O can be viewed as a network of interpenetrating Ce-centered Pb6 octahedra and
O-centered Ce4 tetrahedra. Pb1 and Pb2 occupy the apex and equatorial positions, respectively,
of the octahedra. The octahedra are staggered by 45° along the [001] direction. The Ce1 - Pb1
and Ce1 - Pb2 interatomic distances are 3.59675(13) Å and 3.2991(2) Å, respectively, resulting
in octahedra that are elongated along the c - axis. These Ce1 - Pb1 interatomic distances are
similar to the Ce-Pb interatomic distances of 3.1546 - 3.5101 Å found in Ce3Pb17 and Ce5Pb3.18
One interesting feature of Ce5Pb3O is that the ratio of the displacement parameters for
Ce1, U33/U11 ∼ 3.6.

This has also been observed for La5Pb3O, where the displacement

parameters are attributed to a split 8f La site with ∼50% occupancy on each of the positions.12
However, refining the z - position of Ce1 with the same model resulted in z = 0.00047 ±
0.08537, leading us to conclude that the single-crystal diffraction data could not be resolved
sufficiently in order to differentiate between a model with a split Ce1 site and a model with Ce1
at the origin. Although we cannot conclude with absolute certainty that the Ce site is disordered,
the large U33 observed in Ce5Pb3O suggests disorder, as was found for the analogous La-site in
La5Pb3O.
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Ce2
Pb1
Pb2

c - axis

Figure AI.1. The crystal structure of Ce5Pb3O along the c-axis is presented. The Ce octahedra
are shaded in dark gray with the Pb1 and Pb2 atoms shown as white circles at the
vertices of the octahedron. The O atoms are at the center of the light gray
tetrahedra with 4 Ce2 atoms (black circles) at the corners.
A view of the Ce4 tetrahedra is provided in Figure AI.2. An O atom occupies the center
of the tetrahedron with distances of 2.3459(8) Å to 4 Ce2 atoms with and Ce2 - O - Ce2 bond
angles range between 104.81(4)° - 111.85(2)°. This bond distance is in agreement with the
calculated radii sum of 2.39 Å19 and is similar to the La-O distance of 2.3667(7) Å found in
La5Pb3O.12 The Pb2 atoms, which occupy the equatorial position of the CePb6 octahedra, also
form trigonal antiprisms comprised of

Ce2 – Pb2 interatomic distances ranging between

3.3450(8) Å and 3.4895(11) Å. Thus, the O-centered Ce4 tetrahedra are linked to each other by
Pb2 trigonal antiprisms.
AI.3.2. Magnetic Properties
A plot of the dc magnetic susceptibility, χ, as a function of temperature with applied
field, H, of 1 kOe along both the ab - plane and c - axis is provided in Figure A.3. A sudden
increase of χab below 46 K indicates the onset of magnetic order of the Ce moments, with the
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Pb2

Figure AI.2. The Pb2 atom links the vertices of four O tetrahedra. Pb is shown as a white
circle and Ce2 atoms are shown as black circles. Each tetrahedron shaded in light
gray houses an interstitial O atom.

ab − plane being the easy magnetization direction. Zero-field cooled (ZFC) and field – cooled
(FC) magnetic susceptibility along the ab − plane show a strong irreversibility at ∼29 K. At 29 K,
the ZFC curve decreases with temperature until 16 K, where χ reaches a constant value of 0.03
emu/mol; whereas, the FC susceptibility increases as the temperature decreases. The transition
at 26 K is observed only when the crystallographic c-axis is perpendicular to H.
Above 150 K both χab and χc follow the same Curie-Weiss law (χ = χo + C/(T - θ)) with a
paramagnetic Weiss temperature of θ = -12.4(2) K, indicative of weak antiferromagnetic
correlations, and an effective magnetic moment of µeff = 2.54 µB/Ce that is expected for a free
trivalent Ce ion. Below 150 K the ab − plane susceptibility is enhanced significantly relative to
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Figure AI. 3. Magnetic susceptibility of Ce5Pb3O with H = 1 kOe is shown. The open circles
correspond to ZFC data and filled circles correspond to FC data. Left scale is
asocciated to H ll ab plane. Open triangles represent data for right scale for H ll
along c-axis.

an extrapolation of the higher temperature Curie-Weiss behavior, indicating a dominance of
ferromagnetic correlations as well as the influence of crystalline electrical fields on the 4f
moment of the Ce3+ ion.
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Low-field ZFC and FC susceptibility measurements are often used to study spin-glass or
spin-glass-like phases. However, for systems where long-range order is involved, the
contribution can arise from domains, domain walls and disorder. In local canted spin systems,
the ZFC-FC branching behavior has been interpreted in terms of domains, i.e., cooling in the
presence of an external field helps the domains to grow.20
In soft ferromagnetic materials, the magnetization process is composed of two distinct
mechanisms.21 (i) When the field is increased from the saturated region, domains nucleate in the
sample, usually starting from the boundaries. (ii) In the central part of the hysteresis loop near
the coercive field, the magnetization process is due mainly to domain wall motion. Therefore, at
applied magnetic fields much lower than the coercive field, the initial susceptibility of a
ferromagnet monotonically increases with temperature, passing through a maximum below Tc.
Figures AI.4a and AI.4b show the hysteresis loops of Ce5Pb3O at 5 K and 30 K with H
parallel to the ab - plane and c - axis, respectively. For H // ab - plane, the saturated magnetic
moment is 1.05 µB/Ce ion at 5 K, which is smaller than the Ce3+ free-ion moment value of 2.54
µB/Ce. For the same orientation at 30 K, the saturated moment is 0.9 µB, as expected for a
transition temperature of 46 K. Saturation moments in the range of 1 µB/Ce atom are frequently
observed for cerium intermetallics.1,4
These small values of the saturated moment are due to crystal electrical field splitting
effects on the J = 5/2 ground state of the Ce3+ ion. The magnetic behavior along the c - axis
varies between 5 K and 30 K as can be seen in Fig. AI.4b. The linear behavior at 5 K in the Mc
vs. H plot is typical of antiferromagnetic ordering. However, at 30 K, magnetic hysteresis is
observed for H ≤ ±15 kOe, above which the magnetization increases with a slope only slightly
smaller than is found at 5 K.
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Figure AI.4. The magnetization of Ce5Pb3O as a function of field with H // ab - plane is shown
in (a) and with H // c - axis in (b). The filled circles represent data at T = 5 K, and open circles
are for T = 30 K. The lines are an aid for the eye.

These observations suggest that the 46-K transition is due to a paramagnetic to
ferrimagnetic transition; whereas, the transition at 26 K is ambiguous. In the absence of other
measurements, it is not possible to determine if all of the Ce moments are involved in the
transition at 46 K. This leaves open the possibility that only some of the Ce moments order at 46
K and others at inequivalent sites order as well at 26 K or that the 26-K transition could be the
result of spin reorientation or a 2D transition. Irrespective of the nature of this transition, it as
well as the high ordering temperature at the ferrimagnetic transition must be controlled by the
particular crystal structure adopted by Ce5Pb3O.

The nearest-neighbor Ce-Ce distance in

Ce5Pb3O is 3.7174 Å in O tetrahedra, which is greater than 3.25-3.4 Å, the Hill limit beyond
which direct 4f- 4f interaction ceases.22 Therefore, the direct f-f interaction can be ruled out as
being responsible for the high magnetic ordering temperature of Ce5Pb3O.
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APPENDIX II. STRUCTURE OF A NEW POLYMORPH OF REAlB4 (RE = Yb, Lu)
AII.1. Introduction
Heavy fermion compounds are ideal materials for studying quantum critical points (QCP)
– the point at which the magnetic transition approaches zero upon doping, applying pressure, or
applying magnetic field. It is also thought that at the QCP, many low-lying ground states exist,
allowing for spin fluctuations. Yb-based heavy fermion compounds are particularly interesting
candidates for exploring quantum criticality because of the f13 electronic configuration of Yb3+.
In Yb-based materials, the exchange between conduction electrons and f-moments decreases
upon increasing pressure. In addition, Yb can easily show valence fluctuation because of its
ability to possess the f13 or f14 electronic configutation. Mixed valence behavior has been
observed in many intermetallic Yb-containing materials, such as Yb3Pd4,1 Yb3Pt5,2 YbNi2Ge2,
YbCu2Si2, and YbPd2Si2.3 Magnetic ordering of Yb in compounds is rare due to the fact that the
divalent oxidation state of Yb corresponds to a closed shell f14 electronic configuration. It is
possible to access the Yb2+ and Yb3+ states as a function of temperature and pressure, in part,
because of the small energy difference between Yb2+ and Yb3+.
Although Yb-based heavy fermion materials provide potential, only a handful such
materials are known. The first Yb-based heavy fermion compound was reported by Coleman et
al.4 The power-law dependence in the resistivity (∆ρ ~ Tε ε = 1) and the logarithmic behavior in
the specific heat (∆C/T ~ -lnT) indicates that YbRh2Si2 has non-Fermi liquid behavior. The
QCP can be accessed by application of magnetic field or by doping with Ge.
Other Yb-based heavy-fermion compounds include YbAgCu4, which is a member of the
YbMCu4 series, where the M site can be replaced by a variety of transition metals, including Ag,
Au, and Zn.5 YbAgCu4 is a moderate heavy-fermion compound with γ > 200 mJ/molK2 and
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shows no magnetic ordering; in YbAuCu4, RKKY interactions dominate long range-ordering
below 1 K. For M = Zn, no magnetic ordering has been observed above 300 mK. A qualitative
comparison of the physical properties leads to the conclusion that the M with more electrons
favor Yb2+, while the M with fewer electrons favors Yb3+.
In this paper, we report the discovery of a heavy fermion ground state in YbAlB4.
Previous reports in literature show that YbAlB4 possesses an orthorhombic crystal structure with
a = 5.921 Å, b = 11.424 Å, and c = 3.507 Å and that YbAlB4 displays mixed valence behavior.6
AII.2 Single Crystal X-Ray Diffraction
Silver-colored fragments of the needle-shaped YbAlB4 single crystal with dimensions of
0.05 x 0.05 x 0.05 mm3 and the plate-like YbAlB4 crystal with dimensions of 0.06 x 0.02 x 0.02
mm3 were mounted on glass fibers with epoxy and aligned on a Nonius KappaCCD X-ray
diffractometer

separately.

Intensity

measurements

were

performed

using

graphite

monochromated Mo Kα radiation (λ = 0.71073 Å). Data were collected at 298 K.

Further

crystallographic parameters are provided in Table AII.1. Unmerged data were treated with a
semi-empirical absorption correction by SORTAV.7 The structural model was refined using
SHELXL97.8 Data were then corrected for extinction and refined with anisotropic displacement
parameters. Similar procedures were followed for the LuAlB4 needle and plate shaped crystals.
Atomic positions and displacement parameters are provided in TableAII.2, and selected
interatomic distances and bond angles are given in Table AII.3.
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AII.3 Crystal Structure
The needle and plate-like morphologies correspond to two different crystal structures.
The needle shaped crystals, which will be referred to as the α polymorph, correspond to the
previously reported crystal structure of YbAlB4,9 and it is isostructural to YCrB4.10 α-LnAlB4
(Ln = Yb, Lu) form in the orthorhombic Pbam space group, Z = 4. Lattice parameters are a =
5.9220(2), b = 11.4730(3), and c = 3.5060(5) Å for α-YbAlB4 and 5.90500(10), 11.4730(3), and
3.5100(4) Å for α-LuAlB4. The structure consists of Yb and Al at the 4g sites and B1, B2, B3,
and B4 atoms at 4h sites.
The plate-like crystals form a second polymorph, which will be denoted as β-LnAlB4 (Ln
= Yb, Lu). The crystal structure is shown in Figure AIII.1. β-LnAlB4 adopt the orthorhombic
structure in the Cmmm space group, Z = 4. Lattice parameters are a = 7.3080(4), b = 9.3150(5),
and c = 3.4980(2) Å for 7.2890(3), 9.3150(5), and 3.5040(2) Å for β-LnAlB4. Ln (Ln = Yb, Lu),
Al, B1, B2, and B3 lie on the 4i, 4g, 4h, 8q, and 4j sites, respectively.
In both α and β polymorphs of YbAlB4, Yb and Al atoms reside within the same abplane and are sandwiched between two boron layers. Boron layers have been found in various
extended structures. For example, boron forms hexagonal layers in the AlB2 structure type11 and
layers of hexagons and disordered triangles stacked along the c-axis of Be1.09B3.12 The boron
layers along the ab – plane for α− and β−polymorphs of YbAlB4 are shown in Figures AIII.2a
and 2b, respectively. The layers can be viewed as two-dimensional networks of boron in
heptagonal and pentagonal rings. In α- and β-YbAlAb4, the B-B interatomic distances within
the ab – plane of 1.74(2) to 1.867(18) Å are very similar to the average homoatomic bonding
distance of 1.796(28) Å in alpha, tetragonal, and rhombohedral polymorphs of boron.
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Table AII.1. Crystallographic Parameters of YbAlB4
Crystal Data
Formula
a (Å)
b (Å)
c (Å)
V (Å3)
Z
Crystal Dimension (mm3)
Temperature (°C)
Crystal System
Space Group
θ range(°)
µ (mm-1)

α-YbAlB4
5.9220(2)
11.4730(3)
3.5060(5)
238.21(4)
4
0.05 x 0.05 x 0.05
25
Orthorhombic
Pbam (No. 55)
2.55 – 34.97
29.414

β-YbAlB4
7.3080(4)
9.3150(5)
3.4980(2)
238.12
4
0.02 x 0.06 x 0.02
25
Orthorhombic
Cmmm (No. 65)
2.55 – 30.02
29.815

Data Collection
Measured reflections
Independent reflections
Reflections with I >2σ(I)
Rint
h
k
l

3856
591
519
0.0346
-8 → 9
-18 → 18
-5 → 5

2956
228
228
0.0387
-9 → 10
-10 → 12
-4 → 4

Refinement
R [F2 > 2σ (F2)]
wR(F2)
Reflections
Parameters
∆ρmax (e Å-3)
∆ρmin (e Å-3)
Extinction coefficient
Tmin, Tmax

0.0530
0.1368
446
38
3.007
-3.143
0.037(4)
0.3210, 0.3210
a
R1 = ∑||Fo| - |Fc||/∑|Fo|
b

wR2 = ∑[w(Fo2 – Fc2)]/ ∑[w(Fo2)2]1/2
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0.0568
0.1227
228
20
6.077
-10.553
0.032(4)
0.2678, 0.5870

Crystal Data
Formula
a (Å)
b (Å)
c (Å)
V (Å3)
Z
Crystal Dimension (mm3)
Temperature (°C)
Crystal System
Space Group
θ range(°)
µ (mm-1)

α-LuAlB4
5.90500(10)
11.4440(2)
3.5100(4)
237.19(3)
4
0.05 x 0.04 x 0.02
25
Orthorhombic
Pbam (No. 55)
2.55 – 30.03
41.578

β-LuAlB4
7.2890(3)
9.2860(5)
3.5040(2)
237.17(2)
4
0.01 x 0.02 x 0.08
25
Orthorhombic
Cmmm (No. 65)
2.55 – 30.03
41.583

Data Collection
Measured reflections
Independent reflections
Reflections with I >2σ(I)
Rint
h
k
l

2893
397
378
0.0414
-8 → 8
-15 → 15
-4 → 4

1643
351
228
0.0459
-9 → 10
-12 → 12
-4 → 4

Refinement
R [F2 > 2σ (F2)]
wR(F2)
Reflections
Parameters
∆ρmax (e Å-3)
∆ρmin (e Å-3)
Extinction coefficient
Tmin, Tmax

0.0249
0.0624
397
38
3.019
-3.044
0.065(3)
0.2303, 0.4902
a
R1 = ∑||Fo| - |Fc||/∑|Fo|
b

wR2 = ∑[w(Fo2 – Fc2)]/ ∑[w(Fo2)2]1/2
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0.0410
0.0986
225
20
4.599
-6.367
0.025(3)
0.1465, 0.6812

Table AII.2. Atomic Positions and Displacement Parameters in YbAlB4 Polymorphs
α-YbAlB4
Atom

Wyckoff

x

y

z

Ueq

Yb
Al
B1
B2
B3
B4

Position
4g
4g
4h
4h
4h
4h

0.12940(5)
0.1387(4)
0.2893(18)
0.3659(18)
0.384(2)
0.474(2)

0.10543(3)
0.4096(3)
0.3126(9)
0.4701(12)
0.0468(11)
0.1943(10)

0
0
1/2
1/2
1/2
1/2

0.0055(3)
0.0050(6)
0.0063(16)
0.006(2)
0.010(2)
0.0087(18)

β-YbAlB4
Atom

Wyckoff

x

y

z

Ueq

Yb
Al
B1
B2
B3

Position
4i
4g
4h
8q
4j

0
0.1816(8)
0.124(3)
0.2232(16)
0

0.30059(5)
0
1/2
0.1609(19)
0.092(2)

0
0
1/2
1/2
1/2

0.0055(3)
0.0063(10)
0.004(3)
0.006(2)
0.005(3)
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Table AII.2. Continued
α-LuAlB4
Atom

Wyckoff

x

y

z

Ueq

Yb
Al
B1
B2
B3
B4

Position
4g
4g
4h
4h
4h
4h

0.12981(4)
0.1382(3)
0.2904(13)
0.3683(12)
0.3862(14)
0.4737(13)

0.15028(2)
0.4100(2)
0.3131(7)
0.4697(9)
0.0478(7)
0.1932(8)

0
0
1/2
1/2
1/2
1/2

0.0053(2)
0.0058(5)
0.0060(14)
0.0076(18)
0.0075(19)
0.0071(14)

β-LuAlB4
Atom

Wyckoff

x

y

z

Ueq

Yb
Al
B1
B2
B3

Position
4i
4g
4h
8q
4j

0
0.1802(6)
0.120(2
0.2225(14)
0

0.30040(5)
0
1/2
0.1597(15)
0.0906(18)

0
0
1/2
1/2
1/2

0.0038(4)
0.0038(9)
0.006(3)
0.0038(17)
0.006(3)
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Table AII.3. Selected Interatomic Bond Distances (Å) of YbAlB4
β-YbAlB4
In boron layer
B1 – B1
B1 – B2
B2 – B3
B3 – B3

In Yb/Al layer
Yb – B1 (x4)
Yb – B2 (x4)
(x4)
Yb – B3 (x2)
Al – B1 (x4)
Al – B2 (x2)
Al – B3 (x4)

α-YbAlB4
In boron layer
B1 – B2
B1 – B4

1.82(4)
1.71(4)
1.87(2)
1.754(16)
1.71(4)

2.708(7)
2.723(11)
2.698(9)
2.616(14)
2.253(13)
2.323(12)
2.356(8)
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B2 – B2
B2 – B3
B3 – B3
B4 – B4

1.863(18)
1.74(2)
1.867(18)
1.73(2)
1.723(14)
1.74(3)
1.774(17)

In Yb/Al layer
Yb – B1 (x2)
(x2)
Yb – B2 (x2)
(x2)
Yb – B3 (x2)
Yb – B4 (x2)
(x2)
Al – B1 (x2)
Al – B2 (x2)
Al – B3 (x4)
Al – B4 (x2)

2.704(8)
2.726(9)
2.712(10)
2.724(9)
2.600(10)
2.663(9)
2.738(9)
2.260(7)
2.316(7)
2.361(9)
2.332(9)

Yb

Al

c
b
β-YbAlB4
Figure AII. 1.

The layers of β-YbAlB4. Boron, shown as orange spheres, forms 2dimensional sheets along the ab – plane. Layers of Yb, shown in blue,
and Al, shown in green, are interleaved between boron layers. Dashed
lines show the orthorhombic unit cell. Some interlayer bonding has been
omitted for simplicity.

In β-YbAlB4, pentagonal rings consist of one B1, two B2, and two B3 atoms. The pentagonal
rings are found as pairs where two rings share two B3 atoms. The B3-B3 interatomic distance of
1.71(4) Å is parallel to the crystallographic b-direction and can also be viewed as a mirror plane
between two pentagons of a pair. A second mirror plane exists along the a-direction, with the B1
atoms lying on the mirror plane. Within the pair, the B1 atoms are separated by greater than 5
Å, while the interatomic distance of B1 atoms between two pairs is 1.82(4) Å, suggesting that B1
atoms link pairs of pentagons to each other along the a-axis. The pairs are also linked to four
other pentagon units along the b-axis by an inversion center along the B2-B2 bonds.
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b
Figure AII.2. The boron layers along the [020]-plane of (a) α-YbAlB4 and (b) β-YbAlB4. The
unit cell is outlined in the black dotted lines. In α-YbAlB4, B1, B2, B3, and B4
atoms are shown as blue, orange, green, and yellow spheres, respectively. In βYbAlB4, B1, B2, and B3 atoms are shown as blue, orange, and green spheres,
respectively. Mirror planes are shown as red dashed lines.
Edges of the pentagonal pairs also form the edges of six heptagonal rings. Each 7membered ring consists of two B1 atoms, two B2 atoms, and one B3 atom. Each heptagonal ring
shares a B1 - B1 bond of 1.82(4) Å running along the a-direction and a B2 – B2 bond with two
neighboring heptagonal rings in the a-direction. Thus, one can view the boron layer in β-
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YbAlB4 as a repeating array of pentagon pairs surrounded by six heptagons with orthogonal
mirror planes (along the a- and b- directions).
Like the β polymorph, pentagonal and heptagonal rings comprise the boron layer in
α−YbAlB4. Pentagons are also found as pairs, with B3-B3 distances serving as the shared edge
and mirror plane between pentagons in a pair. Unlike the β-form, however, the B3 - B3 distances
in α−YbAlB4 do not lie within the b-direction; the bonds are at 38.01(12)° with respect to the aaxis. In addition, the B3-B3 lengths are staggered by 90° along the b-axis. There is a second
mirror plane within a pentagon pair orthogonal to the B1-B4 edge, upon which B1 atoms are
found.
The edges of the pentagon pairs form the edges of six heptagons, as found in the β –
YbAlB4. The heptagonal rings in the α-form, however, consist of two B1 and two B4 atoms
where the B1 and B4 atoms are nearest neighbors, two B2 atoms, and one B3 atom. Of the seven
pentagon sides, four of them are shared with other pentagons. Two B1-B4 edges of 1.74(2) Å are
shared by two pentagons; however, B1-B4 side is not a mirror plane. B2-B3 and B3-B4 edges
with lengths of 1.723(14) and 1.774(17) Å are shared with two heptagons adjacent to each other.
In the β-polymorph, the pairs of pentagons and heptagons are oriented along the Cartesian axes;
thus the mirror planes that were internal to the pairs can also be applied to the extended structure.
In the α-polymorph, however, pentagon and heptagon pairs are staggered with respect to each
other and they are at angles with respect to Cartesian axes, thus the mirror planes along the abplane are lost.
The different packing arrangements of the boron layers between the two polymorphs
reflect different arrangements for the Yb and Al atoms within the Yb/Al layers. In both
polymorphd, Yb atoms are centered between two heptagonal rings, and Al is centered between
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two pentagonal rings. For β-YbAlB4, Yb – B distances range between 2.616(14) - 2.723(11), and
Al – B interatomic distances are 2.253(13) - 2.356(8) Å; whereas in α-YbAlAb4, Yb and B are
separated by 2.663(9) - 2.738(9) Å and Al and B by 2.260(7) - 2.365(9) Å. These distances are
suggestive of bonding according to the sum of the atomic radii of Yb (1.94 Å), Al (1.43 Å), and
B (0.83 Å).13 Yb and Al atoms are separated by 3.099 Å, which may be considered weak
interactions, as interatomic distances of ~2.97 and ~3.27 Å are found in YbAl214 and YbAl315,
respectively. Furthermore, the boron layers are separated by ~3.5 Å for the α and β-polymorphs,
respectively.
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APPENDIX III. SINGLE-CRYSTAL X-RAY DIFFRACTION DATA FOR Ln2MGa12 (Ln
= La, Ce; M = Ni, Pd, Pt, Cu, Rh)
Table AIII.1 provides the atomic positions and displacement parameters found for
Ln2MGa12 (Ln = Ce, La; M = Ni, Pd, Pt, Cu, Rh). This data was obtained by single –crystal Xray diffraction. A silver-colored fragment of each compound was mounted onto the goniometer
of a Nonius KappaCCD diffractometer equipped with Mo Kα radiation (λ = 0.71073 Å). Data
were collected up to θ = 30.0°, typically at 293 K. Data were then corrected for extinction and
refined with anisotropic displacement parameters. All of these compounds are isostructural to
Ce2PdGa12, whose structure is discussed in Chapter 5.

Table AIII.1. Atomic Positions and Displacement Parameters in Ln2MGa12 (Ln = Ce, La;
M = Ni, Pd, Pt, Cu, Rh)
Ce2NiGa12
Lattice Parameters a = 6.0370(3) Å c = 15.4910(7) Å
Atom
Wyckoff
x
y
Position
Ce
4h
3/4
1/4
Ni
3/4
1/4
2d
Ga1
4g
1/4
1/4
Ga2
4g
1/4
1/4
Ga3
8m
0.50031(13)
0.00031(13)
Ga4
8m
0.56963(18)
0.43037(18)

La2NiGa12
Lattice Parameters a = 6.0710(5) Å c = 15.5300(15) Å
Atom
Wyckoff
x
y
Position
La
4h
3/4
1/4
Ni
3/4
1/4
2d
Ga1
4g
1/4
1/4
Ga2
4g
1/4
1/4
Ga3
8m
0.50002(14)
0.00002(14)
Ga4
8m
0.5658(2)
0.4342(2)
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z

Ueq (Å2)a

0.25568(5)
1/2
0.31867(10)
0.16056(11)
0.41662(5)
0.07192(8)

0.0081(3)
0.0076(5)
0.0095(4)
0.0123(4)
0.0099(4)
0.0219(4)

z

Ueq (Å2)a

0.25551(6)
1/2
0.31987(14)
0.16063(14)
0.41712(8)
0.07208(11)

0.0102(4)
0.0116(7)
0.0123(6)
0.0148(6)
0.0125(5)
0.0276(6)

La2PdGa12
Lattice Parameters a = 6.0879(2) Å c = 15.3533(6) Å
Atom
Wyckoff
x
y
Position
La
4h
3/4
1/4
Pd
3/4
1/4
2d
Ga1
4g
1/4
1/4
Ga2
4g
1/4
1/4
Ga3
8m
0.50018(11)
0.00018(11)
Ga4
8m
0.5663(2)
0.4337(2)

Ce2PtGa12
Lattice Parameters a = 6.1000(2) Å c = 15.5750(8) Å
Atom
Wyckoff
x
y
Position
Ce
4h
3/4
1/4
Pt
3/4
1/4
2d
Ga1
4g
1/4
1/4
Ga2
4g
1/4
1/4
Ga3
8m
0.50028(10)
0.00028(10)
Ga4
8m
0.57070(15)
0.42930(15)

Ce2CuGa12
Lattice Parameters a = 6.0879(2) Å c = 15.3533(6) Å
Atom
Wyckoff
x
y
Position
Ce
4h
3/4
1/4
Cu
3/4
1/4
2d
Ga1
4g
1/4
1/4
Ga2
4g
1/4
1/4
Ga3
8m
0.50088(15)
0.00088(15)
Ga4
8m
0.5622(2)
0.4378(2)
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z

Ueq (Å2)a

0.25365(5)
1/2
0.31766(12)
0.15905(12)
0.41313(8)
0.07218(9)

0.0078(3)
0.0073(5)
0.0085(5)
0.0121(6)
0.0091(5)
0.0287(6)

z

Ueq (Å2)a

0.25418(4)
1/2
0.31503(9)
0.15767(9)
0.41193(6)
0.07109(7)

0.0047(2)
0.0040(2)
0.0051(3)
0.0095(4)
0.0059(3)
0.0193(3)

z

Ueq (Å2)a

0.25315(5)
1/2
0.32331(11)
0.16375(12)
0.41580(8)
0.07382(9)

0.0083(3)
0.0217(6)
0.0108(4)
0.0136(4)
0.0155(3)
0.0282(5)

Ce2RhGa12
c = 15.685(3) Å
x
y

Lattice Parameters a = 6.054(2) Å
Atom
Wyckoff
z
Position
Ce
4h
3/4
1/4
0.25588(2)
Rh
3/4
1/4
1/2
2d
Ga1
4g
1/4
1/4
0.31482(5)
Ga2
4g
1/4
1/4
0.15864(5)
Ga3
8m
0.50015(6)
0.00015(6)
0.41414(4)
Ga4
8m
0.56877(9)
0.43123(9)
0.07130(4)
a
Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.
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Ueq (Å2)a
0.00559(11)
0.00542(14)
0.00698(15)
0.01031(16)
0.00721(13)
0.01875(17)
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